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 Research on fuel cell is gaining momentum in the recent years as the ending 
of the petroleum age is envisaged by the scientific community and fuel cell has 
been viewed as an advanced green energy device for future. The research on fuel 
cell was also fueled by the advancement in the fabrication of nanomaterials and 
their application as fuel cell materials in recent years. 
 
 The aim of this work is to improve the performance of proton exchange 
membrane fuel cell (PEMFC) through two approaches. One is to improve the 
methods of fabricating membrane-electrode-assembly (MEA).  Four different 
methods, i.e. spreading, transfer, spraying and rolling, are compared, among 
which spraying is shown to be the best. The various aspects of the fabrication 
have been discussed in details, including the composition (the ratio of PTFE, 
Nafion and carbon material), thickness and porosity of the catalyst and gas 
diffusion layers, and the compaction force on the gas diffusion layer.  By 
optimizing the fabrication parameters the performance of the fuel cell has been 
enhanced by >50%.  
 The second approach is the application of citric acid modified carbon 
nanotubes as catalyst support for PEMFC. The citric acid method was found to be 
quick and effective for the attachment of surface functional groups on carbon 
nanotubes. The functional groups are sites for the nucleation of Pt nanoparticles. 
 VI
Therefore the Pt catalyst supported on the citric acid functionalized carbon 
nanotubes was found to have small particle size and be well dispersed because of 
the high density of surface functional groups created by this method. The novel 
catalyst materials demonstrated better performance compared to catalyst 
supported on commercial carbon blacks in methanol oxidation and PEMFC 
testing.  
 
 The experimental studies of the approaches for improvement of the 
performance of PEMFC demonstrated that the performance depends on 
electrochemical properties of the catalyst as well as the physical structure of the 
electrode that affects the diffusion properties. Thus the performance of PEMFC 
can be further improved through research on both advanced nano-scale catalyst or 
carbon materials and advanced fabrication techniques. 
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Chapter 1  
Introduction  
 
1.1 What is a Fuel Cell? 
A fuel cell is an electrochemical device that directly converts chemical energy 
to electrical energy. Unlike batteries that require recharging, fuel cells can operate 
continuously to produce power and heat as long as fuel and oxidant are supplied 
from external sources. Typical reactants used in a fuel cell are hydrogen or 
hydrogen rich gas on the anode and oxygen or air on the cathode. Generally a fuel 
cell process is the reverse of electrolysis of water as hydrogen and oxygen are 
combined to form water. In fact some fuel cells can operate in reverse to 
electrolyze water and produce hydrogen for energy storage [1]. 
 
As a power generation device, fuel cells have advantage over conventional 
combustion-based technologies. They produce much smaller amount of 
greenhouse gases.  If pure hydrogen is used as fuel, fuel cells only produce heat 
and water as byproduct. Fuel cells also promise efficiency improvement that could 
lead to considerable energy savings. Compared to a conventional vehicle with a 
gasoline internal combustion engine, fuel cell vehicle offers more than a 50 
percent reduction in fuel consumption, on a well-to-wheels basis [2].  
 
Fuel cells are most commonly classified by the type of electrolyte used in the 
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cells. The five common fuel cell types are Polymer Electrolyte Membrane Fuel 
Cell (PEMFC), Alkaline Fuel Cell (AFC), Phosphoric Acid Fuel Cell (PAFC), 
Molten Carbonate Fuel Cell (MCFC), and Solid Oxide Fuel Cell (SOFC). There is 
another kind of fuel cell known as Direct Methanol Fuel Cell (DMFC) which 
attracts much attention for its application in portable devices. It is very similar to 
PEMFC except it uses liquid fuel (methanol) instead of hydrogen. Generally, the 
choice of electrolyte determines the operating temperature of the fuel cell and the 
operating temperature of a fuel cell affects the physicochemical and 
thermomechanical properties of materials used in the cell components [1]. Detail 
description of different types of fuel cells can be found in the Fuel cell handbook 
7th ed. [1] or Fuel cell system explained by Larminie & Dicks [3]. 
 
1.2 Challenges for the Further Development of Fuel Cells 
The first fuel cell was invented by William R. Grove in 1839 and it was called 
“gaseous voltaic battery”. The setup included two platinum electrodes covered 
with inverted tubes which were halfway submerged in a beaker of aqueous 
sulfuric acid, one tube was filled with hydrogen gas and the other was filled with 
oxygen. When these electrodes were immersed in dilute sulfuric acid a current 
began to flow between the two electrodes and water was formed in the inverted 
tubes. In order to increase the voltage produced, Grove linked several of these 
devices in series and produced what he referred to as a 'gas battery'. The prototype 
of a practical fuel cell was build by the chemists Ludwig Mond and Charles 
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Langer in 1889 using platinum black supported on platinum or gold electrodes as 
catalyst and introduced a diaphragm to contain the electrolyte between the 
electrodes [4]. In 1932 Bacon revised the device developed by Mond and Langer 
and replaced the platinum electrodes with less expensive nickel gauze and 
substituted the sulfuric acid electrolyte for alkali potassium hydroxide which is 
less corrosive to the electrodes. This device which he named the 'Bacon Cell' was 
actually the first alkaline fuel cell (AFC). Due to a number of technical challenges 
it was not until 1959 that Bacon was able to demonstrate a practical machine 
capable of producing 5 kW of power, enough to power a welding machine. In 
1962, based on Bacon’s US patent, Pratt & Whitney developed a fuel cell to 
supply power to the auxiliary units of the Apollo space module. This was one of 
the many research projects on fuel cell technology funded by NASA, and these 
research projects greatly influenced the development of fuel cell technology.  
 
In the last twenty years, ongoing research has produced new solution and 
materials for fuel cell application, one of the technical breakthrough was the first 
fuel cell-powered vehicle introduced in 1993 by the Canadian company Ballard.   
 
Even though significant improvement on the fuel cell performance was 
achieved during the past decade, barriers to commercialization exist. More 
research on advanced materials, manufacturing techniques and other advancement 
are needed to lower cost, increase life, and improve reliability for all fuel cell 
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systems. Until now, huge driving force still exists for these researches despite the 
existence of cost barrier and durability problem, since fuel cells promise solution 
to the energy and environmental issues that we’re facing. 
 
1.3 Objective of the Researches in This Thesis 
This thesis concentrates on experimental studies on Polymer Electrolyte 
Membrane Fuel Cell (PEMFC).  A single stack of PEMFC consists of anode, 
cathode, PEM, gas diffusion layers and two current collectors which conduct 
electrons and have reactant flow channels at one side that provide paths for 
reactant gas to reach the electrode. Both anode and cathode use carbon-supported 
Pt or Pt-alloy as the catalysts. The anode, PEM, cathode and the two gas diffusion 
layers are assembled together and known as membrane-electrodes-assembly 
(MEA) which is the heart of PEMFC.  The objective of the researches in this 
thesis is to improve the performance of a PEMFC.  The performance of the PEM 
fuel cell is affected by both the fabrication method and the physical and chemical 
properties of the materials.  Therefore in the thesis the two approaches are 
studied. The first approach is to improve the preparation of the catalyst layer, gas 
diffusion layer and the assembly of MEA.  The second approach is to improve 
the carbon support of the electrodes by functionalization of carbon nanotubes with 
citric acid and using it to replace the commercial carbon black in anode.  The 
results of the first approach are presented in Chapter 4 while the second in Chapter 
5.  
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Chapter 2  
Polymer Electrolyte Membrane Fuel Cell (PEMFC) 
 
2.1 Introduction 
 Polymer Electrolyte Membrane Fuel Cell is also known as Polymer 
Electrolyte Fuel Cell (PEFC) or Solid Polymer Electrolyte Fuel Cell (SPEFC) or 
Proton Exchange Membrane Fuel Cell. As indicated by the name, Polymer 
Electrolyte Membrane Fuel Cell utilized a thin ion conducting polymer membrane 
as electrolyte. The solid polymer membrane has fewer electrolyte management 
problems compare to liquid electrolyte and it also greatly reduces corrosion to the 
electrodes. The polymer electrolyte requires water to be ion conductive and thus 
limited the operating temperature to 100oC. Low operation temperature ensures 
quick startup from ambient temperature which is preferred for portable devices 
but also has a few drawbacks such as problems of CO poisoning when reformed 
fuel is used and waste heat rejection. Expensive Pt catalyst is required due to low 
activity of non-noble metal catalyst at low temperatures. Waste heat problem is 
related to small temperature gradient between fuel cell and environment [1].  
 
2.1.1 History of PEM fuel cell 
 PEMFC was used as auxiliary power source for NASA’s Gemini space flights 
in the 1960s [2]. Thereafter development of the technology was stagnant for more 
than ten years. The first significant improvement in the cell performance was 
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achieved when the polystyrene sulfonic acid membrane used in the NASA’s 
Gemini space flight was replaced by Du Pont’s perflourosulfonic acid membrane 
(Nafion®1) in the 1970s [3]. Utilizing Nafion® membrane the power density of 
the PEMFC was increased by ten times and the lifetime of PEMFC was increased 
from two thousand hours to one hundred thousand hours [4]. Another 
breakthrough in the technology was the 10-fold reduction of platinum loading in 
the electrodes achieved in the late 1980’s and early 1990’s. This was achieved by 
using platinum supported on high surface area carbon as electrocatalyst rather 
than pure Pt black as in the Gemini fuel cells and impregnation of a proton 
conductor (Nafion®) into the catalyst layer of the porous gas diffusion electrode 
[5 – 7]. The platinum loading of the PEMFC electrodes were further reduced in 
the early 1990’s with the invention of thin-film electrodes [8].  
 
2.1.2 Applications of PEM Fuel Cell 
 PEMFC has great commercial potential through three main applications: 
transportation, stationary power generation, and portable applications. The main 
drivers for the commercialization of PEMFC are from the automotive industry. 
Automakers such as General Motors, DaimlerChrysler, Toyota Motor Corporation, 
Ford and etc. are fueling the research on fuel cell technology. A number of 
demonstration vehicles were introduced in the late 1990’s and early 2000’s, such 
as HydroGen 1 fuel cell prototype produced by General Motors/Opel in 2000, 
                                                        
1 Nafion® is a registered trademark of DuPont De Nemours and Company, 1007 Market Street, 
Wilmington, DE 19898, USA <http://www.dupont.com/ > 
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Toyota’s RAV4 FC EV in 1996, DaimlerChrysler’s NeCar 5 in 2000 and etc. [9]. 
Nevertheless, more research is needed to lower the production cost, increase the 
efficiency and increase life for the fuel cell systems. 
 
 Due to its high electric efficiency and extremely low polluting emissions, 
PEMFC systems is a suitable candidate for stationary power generation, especially 
as Combined Heat and Power generation (CHP) system in urban region. Ballard 
Power System has developed some 250kW stationary power systems for this 
purpose since mid-1990’s, several fuel cell generators produced by Ballard are 
already in commission in 2003 [9]. 
 
 Conventional rechargeable batteries have limited capacity and long 
recharging time. Compare to rechargeable batteries, PEMFC does not require 
recharging and only quick refilling hydrogen fuel is required and due to its high 
power and energy density, PEMFC has the potential to replace batteries in the 
field of portable power generation.  
  
2.2 Structure and reactions in PEMFC 
2.2.1 PEM Fuel Cell reactions 
  The basic structure of PEMFC consists of a solid electrolyte membrane 
sandwiched between two electrodes. The anode and cathode of the fuel cell are 
determined by whether it is fuel or oxidant that is fed to the electrodes. When 
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hydrogen is fed to the anode, the hydrogen molecules are dissociated to protons 
and electrons with the help of platinum catalyst. Protons move from anode to 
cathode through the proton conducting membrane, while electrons are carried over 
an external circuit to the cathode. On the cathode, oxygen is reduced by reacting 
with protons and electrons forming water and producing heat. The electrochemical 
reactions of fuel cell are presented below: 
 Anode reaction:   H2     →   2H+ + 2e-  (2.1) 
 Cathode reaction:  
2
1 O2 + 2H+ + 2e-    H→ 2O   (2.2) 
 Total reaction:  H2 + 
2
1 O2     H→ 2O   (2.3) 
 
 The electrical energy obtained in the fuel cell operation is given by the change 
in Gibbs free energy. If the process is reversible, all the Gibbs free energy change 
will be converted to electrical energy, but in practice some of the energy is 
released as heat [10]. The illustration of the process is shown in Fig. 2.1.  
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Fig. 2.1 Illustration of PEM Fuel Cell operation showing hydrogen molecules dissociated at anode 
and the protons crossover the electrolyte to combine with oxygen at the cathode to form water. 
 
2.2.2 Electrolyte Membrane 
The polymer electrolyte membrane allows protons to flow from anode to 
cathode but separates the fuel and oxidant from each other to avoid direct 
combustion. The membrane is also an electric insulator that forces the electron to 
flow through the external circuit to produce electrical work. The electrolyte 
membrane usually consists of a PTFE (polytetrafluoroethylene) polymer backbone 
and thus making the membrane resistant to chemical attack and durable.  
 
The electrolyte is usually made by adding a side chain ending with sulphonic 
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acid (HSO3) to the PTFE polymer backbone. The sulphonic group added is in 
ionic form which SO3- and H+ ions are held in place by strong ionic attraction as 
shown in Fig. 2.2. The sulphonic acid is highly hydrophilic [10] and thus the 
polymer electrolyte can absorb large quantity of water around the clusters of 
sulphonated side chains. When the electrolyte is well hydrated, the H+ ions are 
relatively weakly attracted to the SO3- groups and are able to move. Thus due to 
the high electronegativity of the SO3- groups and their weak attraction to the 
protons when the electrolyte is hydrated, the polymer electrolyte is a good 
electron insulator and also a good proton conductor. The PTFE backbone of the 
polymer electrolyte also provides the mechanical strength for the polymer 
electrolyte to be made into very thin membranes. The most well known polymer 
electrolyte membrane is the Nafion® from Dupont, which is regarded as an 
“industry standard” since 1960’s [10].  
 
Fig. 2.2. Example structure of sulphonate fluoroehtylene. The sulphonic acid group is shown in 
red. 
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  Since the polymer electrolyte membrane needs to be hydrated to conduct 
protons, the operating temperature of the PEM fuel cell is limited to temperature 
below the boiling point of water. However, proton conducting materials that 
function at higher temperature are being developed. For example, PEMFC system 
based on phosphoric acid doped polybenzimidazole (PBI) membranes that is 
operational up to 200oC was demonstrated by Q. Li et al. [11].  
 
2.2.3 PEM fuel cell Electrodes and Gas Diffusion backing 
 The electrode of the PEM fuel cell here refers to the region where all the 
electrochemical reaction takes place. To accelerate the electrochemical reactions, 
catalyst is required. The best catalyst for both the hydrogen oxidation reaction 
(HOR) and oxygen reduction reaction (ORR) is platinum. Depending on the fuel, 
sometimes Pt alloy such as PtRu catalyst is used to increase the resistance to CO 
poisoning effect. In the early days of PEM fuel cell, platinum black was used as 
catalyst in PEM fuel cell leading to a high Pt loading of 4mg/cm2. Current 
technology separates the electrode into two different layers. The layer that is 
closer to the electrolyte membrane is called the catalyst layer, which utilizes Pt 
nanoparticles supported on carbon nano-materials and thus the Pt loading of PEM 
fuel cell is reduced by ten times or more. Carbon blacks such as XC72R (Cabot 
Corp.) is widely used as catalyst support; these carbon supports stabilized the Pt 
nanoparticles to prevent agglomeration and serve as electron conductor to provide 
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electron transport routes to the current collectors. The diffusion layer is usually 
made of carbon paper or carbon cloth coated with a mixture of carbon black and 
PTFE.  Carbon paper and carbon cloth are porous and conductive material and 
can also provide mechanical strength for the electrode to prevent the catalyst 
penetrates into the flow field (gas channels). PTFE is hydrophobic agent which 
can prevent flooding of the electrode, especially at cathode where water is 
generated. The thickness of catalyst layer is only around 10μm, this is because at 
high current densities, most of the current tends to be generated from the region 
close to the electrolyte membrane [13] and thus thicker catalyst layer means lower 
utilization of the catalyst. However the thin catalyst layer is unable to distribute 
the reactant gas evenly to reaction sites, thus an uncatalyzed gas diffusion layer is 
needed as a spacer allowing gas access evenly to catalyst layer from the gas 
channels [9]. Fig. 2.3 shows the single cell structure of PEM fuel cell.  
Electrolyte material (i.e. Nafion ionomer) is added to the electrode through 
impregnation or mixing with the catalyst to extend the contact region of the 




Fig. 2.3. Single cell structure of PEM fuel cell.  
 
2.2.4 Collector graphite plates  
 In a single cell, the collector graphite plates conduct electrons and act as a 
support structure. The graphite plate has reactant flow channels at one side that 
provide paths for reactant gas to reach the electrode, conducts electrons and 
remove reaction product from the electrode. Collector plate materials must have 
high conductivity and be impermeable to gases. Due to the presence of hydrogen 
and oxygen gas, the material should be corrosion resistant and chemically inert. 
When the collector plates apply to fuel cell stacks, reactant flow channels are 
machined to both sides of the collector plates, and are usually called bipolar plates. 
Most PEMFC bipolar plates are made of resin-impregnated graphite, but use of 




2.3 Theory of PEM fuel cell 
2.3.1 Open Circuit Potential 
 The maximum electrical work per mole produced by fuel cell operating at 
constant temperature and pressure is given by the change in Gibbs free energy of 
the electrochemical reaction: 
re zFEGW −=Δ=             (2.4) 
where  is the number of electrons participated in the reaction (in the case of 
hydrogen fuel cell, ), is Faraday’s constant and  is the reversible 




 Under constant temperature conditions Gibbs free energy change is also given 
by the relation: 
 STHG Δ−Δ=Δ              (2.5) 
HΔ is the enthalpy change that represents the total thermal energy available from 
the reaction while  represents the unavailable energy resulting from the 
entropy change ( ) within the system. When a fuel cell is operating reversibly, 
the amount of heat produced is given by 
STΔ
SΔ
STΔ [14].  
 
If the PEM fuel cell is operating reversibly, the theoretical open circuit 
potential of the cell is given by 
 F
GE t 2,0
Δ−=               (2.6) 
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Substituting the Gibbs energy change for the reaction of Eq. 2.3 at 25oC [10] 
and the Faraday’s constant into Eq. 2.6, gives  
 V229.1)C/mole96485(2
)kJ/mole2.237(
,0 =−−=tE  
The theoretical open circuit potential is higher than the open circuit potential in 
practice which is reduced to around 1.02 ~ 1.05V, this is mainly due to the 
formation of hydrogen peroxide as an intermediate stage of the cathode’s oxygen 
reduction [17]. 
 
2.3.2 Polarization of PEM fuel cell 
 When a current is drawn from the cell, the potential of the fuel cell is different 
from the equilibrium value (i.e. the open circuit potential, 0E ). This is called the 
cell polarization. The degree of polarization can be defined in terms of the 
overpotential [18], which is equals to the difference between the cell potential E  
and the reversible potential : rE
 rEE −=η               (2.7) 
 
 The overpotentials of a fuel cell originate from three sources: activation 
overpotential, ohmic overpotential and mass transport overpotential. Therefore, 
the expression of the voltage of a single cell is: 
 transohmact ηηη +++= rEV           (2.8) 
where actη is the activation overpotential, ohmη is the ohmic overpotential and 
transη  is the mass transport overpotential.  
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  Activation overpotential ( actη ) arises from the kinetics of charge transfer 
reaction across the catalyst electrolyte interface. The electrode potential is lost in 
driving the electron transfer reaction. Activation overpotential is directly related to 
the kinetics of the electrochemical reaction and the activation energy of the 
reaction. The Butler-Volmer equation is widely used to describe the electrode 
kinetics of fuel cell at the catalyst layer [2, 9, 18, 19 and 20], which describes the 









ηαηα FzFzii         (2.9) 
whereα  is the transfer coefficient,  is the number of electrons participated in 




In a hydrogen-oxygen fuel cell, the contribution of anode activation 
overpotential is negligible, while the cathode activation overpotential is several 
orders of magnitude larger due to slow kinetics of oxidation reduction reaction. 
When the equation is used to describe the large overpotential at cathode 
where FRT>>η , Eq. 2.9 becomes the Tafel equation: 
iba log+=η              (2.10) 
where 0log303.2 iFn
RTa α=  and Fn RTb α303.2−= . 
 
Ohmic overpotential ohmη , also known as IR-losses, is the result of electrical 
resistance losses in the cell. These resistances are found in practically all fuel cell 
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components: ionic resistance in the membrane, ionic and electronic resistance in 
the catalyst layer, and electronic resistance in the gas diffusion layer, current 
collector plates and terminal connections.  
 
Mass transport overpotential transη  is caused by mass transfer limitations on 
the reactant gases in the electrodes. To sustain a constant current flow, the 
electrode reaction requires a constant supply of reactants. When the reactants are 
depleted at the electrodes, part of the reaction energy is drawn to drive the mass 
transfer, thus creating a loss in the output voltage [21]. Mass transfer can be 
affected by obstruction of diffusion paths and reactant dilution. Mass transport 
overpotential is much smaller on the anode than on the cathode, since the 
diffusion of hydrogen is much faster than that of oxygen, and the product water 
created at cathode also obstructs the diffusion paths especially at high current 
densities. 
 
The overpotentials are functions of current densities. At different current 
densities, the overpotentials have different values and contribute differently to the 
voltage losses. A typical polarization curve of PEM fuel cell is shown in Fig. 2.4. 
The curve is divided to three regions where each of the regions is dominated by 
different overpotentials. Activation overpotential dominates at low current 
densities in region I. Most of the voltage losses in region II are contributed by 
ohmic overpotential, while in region III at high current densities, the mass 
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transport overpotential dominates, which is shown by the bending down of the 
polarization curve. The contributions of different overpotentials to the voltage 
losses are illustrated in Fig. 2.5. The effect of activation overpotential is seen in 
the Fig. 2.5 as a rapid drop of the voltage at low current densities. The middle 
region in second and third curves is nearly linear and is governed by ohmic losses. 
The conductivity of the membrane and the ionomer in the catalyst layer depends 
on the humidification level, and thus drying out of the MEA increases ionic 
resistance, creating a large slope in the middle region. Mass transport 
overpotentials are dominating at higher current densities, where the reaction rate is 
mass transfer limited. Water management is of key importance in controlling the 
mass transport overpotentials. Product water created at the cathode and the 
back-diffused water at anode are able to obstruct the diffusion of reactant gases to 
the reaction areas if the water removal through gas diffusion layer is slow.  
 
Fig. 2.4 Characteristics of a typical polarization curve of PEM fuel cell. 
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Fig. 2.5 Contributions of different overpotentials to the voltage losses.  
 
 Measuring polarization curves is a well known electrochemical 
characterization method, and it is widely use for PEM fuel cell characterization. 
Combining the data obtained from the electrochemical impedance measurement, 
from the resistance measurement by current interruption techniques, and from the 
polarization curves, information on the overpotentials can be acquired. 
Information on the overpotentials and the electrochemical parameters governing 
these overpotentials are useful for the characterization of fuel cell materials.  
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 In this chapter, characterization for the MEA and the fuel cell materials are 
presented. Instrumentations for the characterization are described and the 
analytical methods are presented. The performance of the PEM fuel cell is 
affected by both the fabrication method and the physical and chemical properties 
of the materials. Thus choosing the correct characterization and analytical 
methods is crucial in understanding how the fuel cell materials influence the 
performance of PEMFC and subsequently the information gathered could lead to 
the discovery of advanced fuel cell materials.  
 
 The main characterization tool in this thesis is the measurement of the 
polarization curve for the PEMFC at actual operating conditions. Other 
characterization methods such as electrochemical impedance spectroscopy (EIS) 
and cyclic voltammetry (CV) are also used to study the electrochemical properties 
of the materials. The structural and physical properties of electrode materials are 
studied by scanning electron microscope (SEM), tunneling electron microsope 
(TEM) and x-ray diffraction (XRD). These characterization methods are briefly 
described in the following sections.  
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 3.2 PEM Fuel Cell Polarization measurement 
3.2.1 Instrumentation for Polarization measurement 
 The measurement of the polarization curve of PEM fuel cell is done using a 
fuel cell test system. The system consists of two gas distribution units (GDU), 
computer controlled electronic load, and a single cell test fixture. The 
FCT-2000-GDU is manufactured by Electrochem1, while the 10A model 890B 
electronic load system and the single cell test fixture (FC05-01SP) are 
manufactured by Scribner2. As shown in Fig. 3.1, the GDU 1 manages the 
supplies of reactant gases and the non-reactive purge gas (N2) that is used to 
remove the reactant gases in case of safety shutdown. GDU 2 contains two back 
pressure regulators to control the pressure of reactant gas in the fuel cell and it 
handles the removal of reaction product and unreacted reactant gases. Both GDUs 
are configured to allow computerized control and safety shutdown. In the event of 
safety shutdown, the solenoid valves cutoff the reactant gases and allows the 
purge gas to pass through the fuel cell to remove the reactant gases. The reactant 
gases humidified through two humidification bottles with heaters and temperature 
controls.  
 
 The measurement of polarization curve is done by connecting the PEM fuel 
cell to a computer-controlled electronic load which is connected to a personal 
                                                        
1 ElectroChem, Inc. 400 W. Cummings Park Woburn, MA 01801 USA. <http://www.fuelcell.com/ > 
2 Scribner Associates, Inc. 150 E. Connecticut Avenue, Southern Pines, North Carolina 28387 USA. 
<http://www.scribner.com/>  
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computer through General Purpose Interface Bus (GPIB) control cable. When the 
resistant of the electronic load is altered, the current drawn from the fuel cell 
caused different degree of cell polarization. The computer records the data 
acquired from the electronic load and controls the test parameters through the 
FuelCell® test software by Scribner Associates. The electronic load system also 
has a built-in IR measurement function which utilizes Current Interruption 
Method [1]. The 5cm2 single cell test fixture is made of graphite flow fields and 
gold plated copper current collector plates as shown in Fig. 3.2b. The photographs 
of different parts of the fuel cell system are shown in Fig 3.2.  
 




 a) b) 
c) 
 
Fig. 3.2 a) GDU 1 (top) and GDU2, b) Single cell test fixture, FC05-01SP with serpentine flow 
fields in the middle and c) the single cell connected to the electronic load. 
 
3.2.2 Analysis of polarization curves 
 When the fuel cell is connected to the load, current is drawn from the cell. 
The cell voltage changes with the change of current, and from the current 
dependant behavior of cell voltage, electrochemical properties of the MEA can be 
analyzed. To obtain the electrochemical parameters and to understand the 
mechanism, simulations and modeling of the MEA and fitting the experimental 
curves are common resorts. Complete models that consider the whole MEA was 
presented by Bernadi [2] and Springer [3]. One dimensional dynamic model of a 
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gas diffusion electrode as part of a complete fuel cell model was also presented by 
Bevers et al. [4]. Berning et al. also presented a three-dimensional, non-isothermal 
model of a PEM fuel cell [5]. A review on different approaches to PEM fuel cell 
modeling was written by Cheddie and Munroe [6].  
 
Most of the simulations utilize four basic equations to solve for different 
phenomena in different regions of the cell [2, 5, and 6]. The model equations were 
derived using the Butler-Volmer equation to describe the electrode kinetics, the 
Nernst-Planck equation to describe the transport of protons, the Schlögl equation 
for liquid water transport, the Stefan Maxwell equations [2, 6] or the generalized 
Fick’s law [5] for gas diffusion. These simulations involve solving lots of 
equations with calculations that require large volume of computational time [6]. 
The simulations mentioned above could not produce satisfactory fit of 
experimental data. Deviations between model predictions and experiment are seen 
either in the low current density region [2, 6] or in the mass transport dominated 
region [3 – 5]. Thus the simulation approach is not suitable for the purpose of this 
project which focuses on experimental study of PEMFC and only requires quick 
fitting of experimental data to obtain a few electrochemical parameters. For this 
purpose, the empirical equation by Kim et al. was used [7]. 
 
The empirical equation produced excellent fit for experimental data. In the 
equation the cell potential is given by: V
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)exp(log0 nimRiibEV −−−=         (3.1) 
where 
            (3.2) 00 log ibEE r +=
and 
 zFb α RT303.2=             (3.3) 
rE is the reversible potential of the cell, is the Tafel slope, b α is the transfer 
coefficient, z is the number of electrons participated in the reaction, is the 
exchange current density, the mass transport coefficient and , the growth 




 Combining the two equations, we obtain: 
)exp(loglog 0 nimRiibibEV r −−−+=       (3.4) 
comparing Eq. 3.3 to Eq. 2.8, we can see that activation overpotential 
actη corresponds to , which also bears the resemblance of the Tafel 
equation (Eq. 2.10), is mainly due to the oxidation reduction reaction [7]. The 
ohmic overpotential (
ibib loglog 0 −
ohmη ) and the mass transport overpotential ( transη ) are given 
by  and Ri− )exp(nim−  respectively.  
 
 The exchange current density  is an important electrochemical parameter. It 
is the velocity of the forward or backward reaction at equilibrium [9] and is 
analogous to rate constant in chemical reaction. A system with a high exchange 
current density has fast kinetics and can respond rapidly to a potential change. The 
0i
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Tafel slope  is proportional tob α/1 , whereα , the transfer coefficient is the 
fraction of potential energy that is transferred to the reaction [10] and it depends 
on the mechanism of the overall reaction [9]. Parameters m and n in the mass 
transport overpotential correspond to the porosity of the gas diffusion layer and 
the electrolyte conductivity respectively [4]. Both m and n relate to water 
management issues since both porosity and the electrolyte conductivity are 
affected by water content in the electrode and the electrolyte.  
 
3.3 Electrochemical Impedance Spectroscopy 
3.3.1 Instrumentation for Electrochemical Impedance measurement 
The Electrochemical Impedance spectrum (EIS) of MEA is measured by a 
Solartron 3  SI1280B electrochemical measurement unit. The SI1280B 
electrochemical measurement unit integrates Electro-Chemical Interface (ECI) 
with the Frequency Respond Analyzer (FRA). The ECI provides for the d. c. 
polarization of an electrochemical cell, and allows an a. c. perturbation signal to 
be applied to the cell from the FRA, while FRA consists of a signal generator 
which produces a. c. perturbation for the cell, and an analyzer to measure the 
cell’s response [11]. The measurement of EIS of the PEMFC is done in the 
two-terminal cell configuration, which is shown in Fig. 3.3. The working 
electrode (WE) is connected to the cathode of the operating fuel cell while the 
counter electrode (CE) is connected to the anode. The control of the 
                                                        
3 Solartron Analytical, Unit B1, Armstrong Mall, Southwood Business Park, Farnborough, Hampshire, GU14 
0NR, UK. <http://www.solartronanalytical.com/>  
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electrochemical measurement unit and the data acquisition are done by ZPlot®, a 
program by Scribner Associates.  
 
Fig. 3.3 Schematic diagram of two-terminal cell connections. RE refers to Reference Electrode.  
 
3.3.2 Analysis of Electrochemical Impedance Spectra (EIS) 
 In the EIS experiment, the signal generator applies a small sinusoidal 
voltage or current perturbation around a steady state value and measures the 
resulting current or voltage along with the phase angle [12]. Using this data, the 
computer calculates the real and imaginary impedances and plots the impedances 
against each other for different perturbation frequencies. The spectra presented in 
the plot are called the Nyquist impedance spectra. EIS technique is a good 
diagnostic tool for evaluating the performance of PEMFC owing to its ability to 
separate the impedance responses of different transport processes occurring 
simultaneously in the cell [13]. Generally, the high frequency region of the 
impedance spectra reflects the charge transfer resistance, whereas the low 
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frequency region represents the mass transport resistance of the electrode. Typical 
impedance spectra obtained from PEMFC operating at different cell potentials are 
presented in Fig. 3.4. The vertical axis represents the imaginary component (Im) 
of the impedance ( )(ωZ ). The two horizontal axes are the real component of the 
impedance (Re) and the cell voltage at which the EIS was measured. 
 
 The analysis of EIS can be done by the equivalent circuit approach. The 
analysis involves reducing the transport processes into electrical analogues made 
of networks of resistors, capacitors, and other components. The values of these 
circuit elements (e.g. capacitance) are obtained from fitting the effective 
impedance of the circuit elements to experimental data. This method provides a 
quick visualization of the system properties under steady state conditions.  
 
The impedance of a fuel cell electrode is a combination of the impedances of 
three circuit elements. The double layer capacitance (Cdl) is used to account for 
the charge stored in the interfacial capacitance which arises from the contact of the 
electrode materials and the electrolyte. The charge transfer resistance (Rct) 
represents the electronic resistance in the electrode while the impedance of 
diffusion of the reactants and the reaction products is represented by a finite 
length Warburg impedance (ZW). The impedances of the respective circuit 
elements are given in Table 3.1.  
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 The finite length Warburg impedance occurs when the diffusion layer has a 








0           (3.5) 
where 
 D
2δτ =               (3.6) 
0Z is the value of Warburg impedance at 0=ω  [14], τ is the time constant of 
diffusion, δ is the thickness of the electrode and D the coefficient of diffusion.  
 
 The expression of the electrode impedance is obtained by combining the 





+= ωω           (3.7) 
 
The complete equivalent circuit of the fuel cell is presented in Fig. 3.5. The 
equivalent circuit consists of two electrode impedances, one for each electrode 
combined in series with the internal resistance Rm of the polymer electrolyte 
membrane. The total impedance is then given by: 
)()()(Total ωωω cma ZRZZ ++=         (3.8) 
 
The values of R, C, Z0 and τ are obtained from the fitting of the equivalent 





Component Symbol Impedance 
Double layer capacitance 
dlC  CjZC ω1=  
Charge transfer resistance 
ctR  RZ R =  









Table 3.1 The circuit elements in a fuel cell electrode and their respective impedances. ω is the 
angular frequency and 1−=j . 
 
 




Fig. 3.5 Equivalent circuit of PEM fuel cell. The suffixes, a and c represent anode and cathode.  
  
 
3.4 Cyclic Voltammetry 
 The cyclic voltammetry (CV) is a popular method for the study of electrode 
processes. In cyclic voltammetry, linear potential ramp is applied in triangular 
waveform as shown in Fig. 3.6. Usually the triangular waveform is repeated for 
many times and the last cycle is recorded. The current response is recorded and it 
is plotted against the potential. The peaks on the curve usually correspond to 
different electrode processes.  
 
                      Fig. 3.6 Waveform for cyclic voltammetry.  
  
 The CV measurement is performed using the Solartron SI1280B 
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electrochemical measurement unit. The ECI of the electrochemical measurement 
unit provides a d. c. polarization to the cell, measured the response and sent the 
data to the computer through GPIB cable. The control and data acquisition 
program is CorrWare® by Scribner Associate.  
 
 A typical cyclic voltammogram for Pt catalyst is shown in Fig. 3.7. Pt 
catalysts show distinctive features, voltammetric peaks correspond to surface 
reaction processes. At low potentials (0–0.3 V vs. RHE), distinct peaks due to 
Pt–H interactions (hydrogen adsorption/desorption) are formed while peaks 
formed at high potentials are corresponding to Pt–O interactions (oxide 
formation/reduction) (Fig. 3.6). The electrode processes are listed bellow [16]: 
Oxide formation:         (3.9) OH 2 → −+ ++ eHO 22ads
Oxide reduction:        (3.10) −+ ++ eHO 22ads → OH 2
Hydrogen adsorption:         (3.11) −+ + eH → adsH
Hydrogen desorption:          (3.12) adsH → −+ + eH
 
When pure Pt is used as the catalyst, the charge transfer for the hydrogen 
adsorption and desorption is often used to estimate the electrochemical surface 
area of the metal, but it is less reliable for the bi- or tri-metallic catalysts [15]. The 
specific charge transfer (charge per gram) due to hydrogen adsorption and 
desorption can be obtain from [17]: 
 )(2
1
DLTH QQQ −=            (3.13) 
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QT is the total specific charge transfer in the hydrogen adsorption/desorption 
potential region and QDL is the specific capacitive charge in the double layer of 
both Pt and Carbon support. QT can be obtained from the CV (specific current vs. 
potential) in the hydrogen adsorption/desorption region: 
 ( )dEIIQ adT ∫ −= ν1            (3.14) 
where ν  is the scan rate, Id and Ia are the specific current of desorption and 
adsorption, respectively, and E is the potential. The electrochemical surface area 





QS =              (3.15) 
where  [16] is the charge per area of Pt with monolayer 
adsorption of hydrogen.  
20 /210 cmCQH μ=
 
             Fig. 3.7 Typical cyclic voltammogram of a carbon supported Pt catalyst.  
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 When methanol is added to the H2SO4 solution and CV is performed in the 
same experimental setup, oxidation peaks for methanol are observed as shown in 
Fig. 3.8. In the backward scan, CH3OH adsorbs on the Pt surface and the 
dehydrogenation of methanol adsorbed results in the formation of Pt-CO. At the 
current peak 1 in Fig. 3.8 surface water might react with adsorbed CO on a Pt 
electrode and produce CO2, proton (H+), electron (e-), and vacant site (*) of Pt 
surface. The current then decreases due to the formation of hydroxide on the Pt 
surface. On the forward scan, desorption of Pt-OH results in a burst of anodic 
current peak 2 and the oxidation of CH3OH continues [18]. 
 
Fig. 3.8 Typical methanol oxidation curve of a carbon supported Pt catalyst.  
 
3.5 Scanning electron microscopy 
 Scanning electron microscopy (SEM) is used in this thesis to study the 
 36
structure of the electrodes. SEM images have a characteristic three-dimensional 
appearance and are useful for judging the surface structure of the electrodes. 
 
In a conventional SEM, electrons are thermionically emitted from a tungsten 
or lanthanum hexaboride (LaB6) cathode and are accelerated towards an anode. 
For more recent technology, a field emission (FE) cathode is used as electron 
emitter. The electron beam emitted from the cathode passes through pairs of 
scanning coils in the objective lens, which deflect the beam in a raster fashion 
over a rectangular area of the sample surface. Interactions of the electron beam 
with the scanned region lead to the subsequent emission of electrons which are 
then detected to produce an image. The most common imaging mode of SEM is 
the detection of low energy (<50eV) [19] secondary electrons emitted from the 
surface of the sample. The SEM image provides three-dimensional information 
due to the large depth of field in the image. The large depth of field is a 
consequence of the exceptionally small divergence angle of the electron beam. 
Thus SEM is often useful for studying the three-dimensional structural properties 
of sample.  
 
The SEM images in this project were taken using the JEOL JSM 6700F4 Field 
Emission Scanning Electron Microscope (FESEM) in Physics Department. The 
potential range of the field emission electron gun is from 0.5 to 30 KV, and the 
                                                        
4 JEOL Ltd. 1-2, Musashino 3-chome Akishima Tokyo 196-8558, Japan. <http://www.jeol.com/> 
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range of magnification is from 25X up to 650KX.  The resolution of FESEM is 
in the range of nanometers (10-9m). 
 
3.6 Transmission Electron Microscopy 
 Transmission electron microscope (TEM) is an electron microscope whereby 
an electron beam is focus onto the sample causing an enlarged image to appear on 
a fluorescent screen or photographic film or to be detected by a digital camera. 
The electron beam is produced in the same manner as in the SEM, by thermionic 
process or field emission. Unlike SEM, there is no depth profile produced by 
TEM imaging since the electron beam pass through the sample and is projected 
onto the imaging device instead of focused at the sample itself. However the 
resolution of TEM is much higher, which is in the range of Angstroms (10-10m).  
  
 In TEM, the electron emitter produces a beam of high energy and high 
intensity electrons which is accelerated towards the anode. The electron beam 
passes through several condensing lenses, where the beam is focused to a small, 
thin, coherent beam before hitting the sample. The electron beam is attenuated 
depending on the density and the thickness of the sample, thus producing different 
brightness for materials with different densities. The transmitted beam is focused 
by the objective lens to form an image. The image is passed down through the 
projector lens and is being enlarged. Finally the image strikes the phosphor screen 
and light is generated, allowing the user to see the image. 
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  TEM was used in this project to investigate the particle size distribution and 
the aggregate morphology of the metal catalyst supported on carbon materials. 
The TEMs used to produce the images are the JEOL JEM2010F (Field Emission 
gun, magnification 800K) from Department of Biological Science and the Tecnai5 
TF 20 S-twin with Lorentz Lens located in the Institute of Chemical and 
Engineering Sciences6.  
 
3.7 Thermogravimetric analysis (TGA) 
 In a thermogravimetric analysis the mass of a sample in a controlled 
atmosphere is recorded as a function of temperature when the temperature is 
increased. The TGA setup consists of a sensitive analytical balance, a furnace, a 
purge gas system for providing a controlled atmosphere and a computer for 
instrumental control and data acquisition. The thermobalance usually has a range 
of 5 to 20mg, and thus very sensitive to the change in weight [19].  
  
 For this project the sample to be analyzed is the carbon supported Pt catalyst. 
In a typical experiment, around 10mg of the sample is heated from room 
temperature to 800°C at constant heating rate under the flow of purified oxygen. 
Weight ratio of the Pt and the supporting materials (usually carbon materials) can 
                                                        
5 FEI COMPANY, North America NanoPort, 5350 NE DAWSON CREEK DRIVE, HILLSBORO, OREGON 
97124 USA. <http://www.fei.com/> 
6 Institute of Chemical and Engineering Sciences, 1 Pesek Road, Jurong Island, Singapore 627833. 
<http://www.ices.a-star.edu.sg/ices/home.do> 
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be obtained from the thermal decomposition curve gathered from the TGA 
experiment. The decomposition temperatures of PtO and PtO2 are at 325°C and 
450°C respectively [20]. Thus the formation of platinum oxide at 800°C is not 
favorable and the thermogravimetric curves at 800°C should only reflect the 
weight of Pt.  
 
 The instrument for thermogravimetric analysis in this project was the 
Setaram7 TGA Equipment located at the Institute of Chemical and Engineering 
Sciences.  
 
3.8 Fourier Transform Infrared Spectroscopy (FTIR) 
 Infrared spectroscopy is a common spectroscopy technique used to investigate 
the physicochemical properties of carbon materials [21-23]. A FTIR spectrometer 
uses an interferometer that allows spectral information to be obtained for all 
frequencies at one scan of the interferometer. The resultant interferogram is then 
converted to optical spectrum by Fourier transform. The sample is usually placed 
between the interferometer and the detector. The IR absorption or transmission 
spectra are obtained by sending IR beams through the sample which is a KBr disk 
with 0.01 to 0.5 wt% of the sample [24].  
 
 In this thesis FTIR spectroscopy was used for investigation of functional 
                                                        
7 Setaram Inc. 7905 Browning Road,Suite 206, Pennsauken NJ08109-4323, USA. <http://www.setaram.com> 
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groups attached on carbon blacks and carbon nanotubes. The infrared transmission 
spectra were measured with a Perkin-Elmer8 2000 Fourier-Transform Infrared 
Spectrometer in the range of 400 to 4000 cm-1. 
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Chapter 4 
The Influence of Fabrication Process and Electrode 
Composition on Fuel Cell Performance 
 
4.1 Introduction 
The physical structure and diffusion properties of gas diffusion electrodes of 
PEMFC have great influence on its performance [1 – 7]. As mentioned in the 
previous chapter, the performance of PEMFC can be improved by reducing the 
overpotentials that caused potential drops at different range of current densities. 
Ohmic overpotential and mass transport overpotential are greatly affected by the 
structure (i.e. thickness and porosity) and the composition (carbon materials and 
hydrophobic agent) of the gas diffusion electrode. Hydrophobic agent is widely 
used in the gas diffusion electrode to tackle the water management problem which 
is the main cause of mass transport overpotential. The use of hydrophobic agent 
creates pores in the electrode that repel water to maintain paths for gas transport. 
According to Antolini [8], the prevailing literature opinion is that gas is 
transported to the reaction sites via hydrophobic pores whereas water is removed 
from the electrode through the hydrophilic pores. Thus adjusting the amount of 
hydrophobic agent in the electrode changes the water management properties of 
the electrode and the mass transport overpotential. Physical structure of the 
electrode such as thickness and porosity are dependent on its fabrication method 
and the materials used. These factors are adjusted to optimize the performance of 
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fuel cell as a prerequisite for the testing of novel materials.  
 
In our lab a fabrication procedure was previously employed for producing a 
two-layer electrode and the details of the procedure can be found in the thesis 
submitted by Tan Kim Seng [9].  In this procedure carbon paper which served as 
gas diffusion layer was a substrate for the catalyst paste. The work in this thesis 
was aimed to optimize the fabrication conditions of MEA to meet the current 
standard of fuel cell performance under specific testing conditions. The two-layer 
electrode structure was now replaced by a three-layer electrode structure and some 
adjustments of the fabrication conditions and the electrode composition were 
made.  
 
In this chapter, various fabrication methods and conditions are discussed, 
including the methods applying catalysts to the membrane or carbon paper, the 
optimization of Teflon content in the gas diffusion electrode, the optimization of 
the hot-pressing conditions for the preparation of MEA and so on. The 
performance and the electrochemical properties of the MEAs were characterized 
using cell polarization curves and electrochemical impedance spectra 
measurements. The electrochemical parameters of the MEA were obtained from 
the fitting of the polarization curves and the impedance spectra using the models 
described in Chapter 3.  
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4.2 Experimental Details 
4.2.1 Fabrication method of Membrane-Electrodes-Assembly (MEA) 
 In our lab two-layer MEA was previously fabricated. A typical spreading 
method was employed as described below.  
 
5 cm2 Teflonized (38 wt%) Toray1 TGPH090 carbon fiber paper was used as 
the support for the catalyst layer. 10 mg of 20 wt% Pt/VXC-72R (Vulcan XC72R 
carbon black supported Pt catalyst, by E-Tek Inc2.) catalyst was weighed in a 
glass vial and 1.0 ml ethanol, 1.0 ml DI water and 114 μl of 5 wt% Nafion® 
perfluorinated resin solution were added accordingly. The mixture was treated 
with ultrasonicator to obtain a homogeneous solution. The mixture was allowed to 
dry to form sticky paste. The catalyst paste was spread to the carbon paper using a 
stainless steel spatula.  
 
The weight ratio of Pt/VXC72R to Nafion® resin (dry weight) was 2:1 and 
the loading of the Pt catalyst was 0.4 mg/cm2. Then the electrodes were 
hot-pressed to a Nafion® 117 membrane at 125 °C and 84.4 kg/cm2 for 90 s. The 
MEA was sandwiched between two Teflon sheets. Prior to this process, Nafion® 
117 membrane was pretreated with a 2 % solution of H2O2 at 80 °C and then 
washed thoroughly with distilled water at the same temperature. The membrane 
                                                        
1 Toray Industries, Inc., 1-1, Nihonbashi-Muromachi 2-chome, Chuo-ku, Tokyo. 
<http://www.toray.com > 
2 E-TEK Division, PEMEAS Fuel Cell Technologies, 39 Veronica Ave., Somerset, NJ 08873-6800 
USA <http://www.etek-inc.com> 
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was then heated in a 0.5 M H2SO4 for 1 hour at 80 °C to remove metallic 
impurities. Thereafter, the membrane was repeatedly washed in water to removes 
sulfuric acid at the same temperature. After hot-pressing the MEA was then 
positioned in the fuel cell hardware and ready to be tested. 
 
There are some other methods such as rolling method which was used in 
fabrication of two-layer MEA.  Preparation of gas diffusion electrode by rolling 
method was similar to the spreading method except the sticky catalyst paste was 
not applied to the carbon paper using a spatula but through rolling the catalyst 
paste into a thin film and was pressed onto the carbon paper, thus this method also 
produce a two-layer electrode structure.  
 
Most works in this thesis use a spraying method to fabricate MEA with 
three-layer electrode structure. The spraying method is described as follow. Two 
pieces of 5 cm2 carbon paper (TGPH090, typical thickness = 0.26 mm) were 
Teflonized by brushing 60 wt% PTFE dispersion in water (Aldrich Chemical 
Company Inc.) onto both sides of the carbon papers. As described in chapter 2 
hydrophobic PTFE is added to prevent flooding of the electrodes. The carbon 
papers were dried on a hotplate and then weighed to determine the Teflon content 
on the carbon papers. Typically the Teflon content on the carbon papers was 
around 38 wt% and 42 wt% for anode and cathode. The Teflonized carbon papers 
were then transferred to an oven and heated to 350 °C at 4.5 °C/min to gradually 
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remove the dispersant present in PTFE solution and to melt the large PTFE 
clusters at 350 °C for 30 minutes. Similar results can be obtained under similar 
conditions if repeated by the same experimenter, since the process of applying the 
gas diffusion materials and the catalyst materials onto the electrodes is done by 
hand.  
 
Gas diffusion layer for the electrodes consist of carbon black (VXC72-R) and 
PTFE particles. The weight ratio of the carbon black to PTFE was 7:3 at anode 
and 3:2 at cathode. The carbon black was treated in an ultrasonicator in a 3ml 
mixture of DI water and ethanol (1:2 vol. ratios) and the PTFE was stirred in 1ml 
of DI water. The PTFE solution was added to the carbon black ink and stirred to 
make a homogeneous dispersion. The diffusion ink was applied to one side of the 
carbon papers by spraying using an air brush (model: 200NH; Badger Air Brush 
Co.3). Typical loading of the diffusion ink was around 3.6 mg/cm2. The gas 
diffusion electrodes were dried on hotplate and were compacted at 84.4 kg/cm2 
before transferred to the oven. The gas diffusion electrodes were sinter at 350 °C 
under the same conditions as the heat treatment of the Teflonized carbon papers.   
 
Catalyst ink was prepared using commercial catalyst (20 wt% Pt/VXC72-R) 
and 5 wt% Nafion® perfluorinated resin solution (Sigma Aldrich). The weight 
ratio of Pt/VXC72R and Nafion® (dry weight) is 2:1. The mixture was dispersed 
                                                        
3 Badger Air Brush Co., 9128 W. Belmont Ave Franklin Park, IL 60131. 
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in a solution of water and ethanol (1:1 v/v) using an ultrasonicator for 30 minutes. 
The desired amount of catalyst ink (0.4 mgPt/cm2) was applied on top of the gas 
diffusion layer by spraying method. The electrodes were then heat treated at 130 
°C for better dispersion of the Nafion® resin.  
 
The Nafion® 117 membrane where first boiled in 3 % H2O2 solution for 1 
hour to clean the membrane from organic impurities, then it was rinsed with DI 
water and boiled in DI water for another hour to remove residue H2O2. The 
membrane was cation exchanged to H+ form by boiling in a 0.5 M H2SO4 solution 
for 1 hour and then it was rinsed with DI water and boiled in DI water for another 
hour. The membrane was stored in DI water until needed for hot-pressing.  
 
Nafion® 117 membrane was sandwiched between the two electrodes and the 
membrane electrodes assembly was placed between two fiberglass-reinforced 
Teflon sheets and this whole assembly was placed between two stainless steel 
plates as shown in Fig. 4.1. The stainless steel holder was placed in a 100 °C 
preheated platens of a manual hydraulic press (Specac Inc.4 ), and then the 
temperature was raised to 125 °C and compressed at 84.4 kg/cm2 for 90 s. MEA 
was removed from the hot press when the temperature had decreased to 50 °C and 
was assembled in the fuel cell hardware for testing. 
 
                                                        
4 Specac Inc. 410 Creekstone Ridge, Woodstock, GA 30188 U.S.A. <http://www.specac.com> 
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Fig. 4.2 shows the flow diagram of the fabrication processes, the blue lines 
indicate the fabrication process of spraying method while the red lines indicate the 
fabrication process of spreading method. 
 
Another method, transfer method, has been also used in this thesis to fabricate 
the three-layer structure.  For this method the gas diffusion layers (anode and 
cathode) are prepared according to the spraying method, but the catalyst layer was 
prepared using a different procedure. 
b) 
Fig. 4.1 a) Two gas diffusion electrodes placed on stainless steel holders with fiberglass-reinforced 





Fig. 4.2 Flow chart diagram of the fabrication processes. Blue lines indicate the fabrication process 
of spraying method while the red lines indicate the fabrication process of spreading method.  
 
The Pt/VXC72R catalyst was mixed with Nafion® according to 2:1 ratio and 
tetrabutylammonium hydroxide (TBAOH) was added according to 1:1 molar ratio 
with Nafion® ionomer, while glycerol was added according to 1:1 weight ratio 
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with Pt/VXC72R. The mixture was painted using a camel hair brush onto to a 
fiberglass-reinforced Teflon sheet blank which is cut into a size slightly smaller 
than 5 cm2. The Nafion® membrane was pretreated with NaOH to convert the 
membrane to Na+ form before it was used for hot-pressing. The Nafion® 
membrane was simply boiled in 0.5M NaOH solution for 1h and was rinsed with 
DI water and boiled again in DI water for another hour to remove residue NaOH. 
The Na+ form membrane was sandwiched between the two fiberglass-reinforced 
Teflon sheet blanks with the catalyst layer facing the membrane and was 
hot-pressed using the same setup at 195 °C for 90 s. The fiberglass-reinforced 
Teflon sheet blanks were peeled from the membrane and the catalyst layers 
attached onto the membrane. The membrane with catalyst layers was boiled in 
sulfuric acid for 1 hour and then rinsed and boiled in DI water for another hour. 
The membrane catalyst assembly was then sandwiched by the two gas diffusion 
layers prepared earlier and was inserted into the fuel cell hardware for testing. 
Similar method was also described in a paper presented by T. H. Yang et al. [10].   
 
A similar method, brushing method, can be used in the preparation of 
three-layer electrode. All details in preparing the gas diffusion ink and the catalyst 
ink are the same as those for the spraying method. The difference is the procedure 
in applying the gas diffusion ink and catalyst ink onto the electrodes. The gas 
diffusion ink was painted onto the Teflonized carbon paper using a camel hair 
brush. The catalyst layer was then painted onto the gas diffusion layer after the 
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heat treatment of the gas diffusion electrode. Brushing method also produced a 
three-layer electrode structure as the spraying method.  
 
For the studies on Teflon content in the gas diffusion electrode, compaction 
force on gas diffusion electrode and the hot-pressing conditions for the MEA, the 
preparation of MEA basically followed the procedure described in the spraying 
method, only parameters such as amount of Teflon and the pressing force are 
changed.  
 
The Specac manual hydraulic press has coarse scale that measures from one 
ton to fifteen tons. For measurement below one ton, the scale was calibrated using 
a Tension/Compression Universal Load Cell (Model: TCLZ/500KA) 
manufactured by Tokyo measurement lab5 coupled with a strain indicator (Model: 
P-3500) manufactured by Vishay measurements group6.  
 
4.2.2 Characterization of MEA 
The performance of the MEAs was evaluated using the fuel cell testing setup 
described in Chapter Three. Typically the PEM fuel cell was tested at a cell 
temperature of 75 °C. The humidification temperature for the reactant gases were 
95 °C and 85 °C for anode and cathode respectively. The flow rate for both 
                                                        
5 Tokyo Sokki Kenkyujo Co.,Ltd. 8-2, Minami-Ohi 6-Chome, Shinagawa-Ku, Tokyo,140-8560 
Japan. <http://www.tml.jp/e/index.html> 
6  Vishay Intertechnology, Inc. 63 Lancaster Avenue Malvern, PA 19355-2143 USA 
<http://www.vishay.com/> 
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reactant gases were fixed at 150 ml/min throughout the cell operation. The back 
pressure applied for the gases were usually 3 atm at anode and 4 atm at cathode.  
 
The electrochemical parameters were obtained from fitting the polarization 
curves measured under above-mentioned conditions to the empirical model 
developed by Kim et al. [11]. The fitting was done using Matlab®’s curve fitting 
tool. The fitting method used was non-linear least square and the algorithm used 
was trust-region approach. Occasionally when the trust-region algorithm did not 
produce satisfactory fit, Levenberg-Marquardt algorithm was also used to fit the 
curves.  
 
Eq. 3.1 was used to fit the polarization curves and the exchange current 
density ( ) and the Tafel slope ( ) were calculated using Eq. 3.2 and Eq. 3.3 
respectively. The thermodynamic potential or the reversible potential of the cell is 
calculated using [12, 13]: 
0i b
[ ]214 )(ln2)15.298)(105.8(229.1 22 OHr ppFRTTE +−×−= −    (4.1) 
where T is the cell temperature (K), R is the universal gas constant (8.314 J mol-1 
K-1), F represents the Faraday constant (96485 C mol-1), and are the 






Electrochemical impedance spectra were measured according to the 
description in Chapter Three. Fitting the spectra to the equivalent circuit model 
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described in Chapter Three was carried out with Zview 2.9b software. The 
diffusion constant of the reactant gases in the gas diffusion electrodes was 
calculated using Eq. 3.6.  
 
 
4.3 Results and discussion 
4.3.1 Comparison of the two-layer MEA structure fabricated by spreading 
method and the three-layer MEA by spraying method. 
 
 Fig. 4.3 compares the performance of MEA fabricated by spreading method 
(two-layer structure) and spraying method (three-layer structure). The MEA 
prepared by spraying method showed higher performance than the MEA prepared 
by spreading method which was a previously used method for MEA fabrication 
[9]. The performance improved from 247 mA/cm2 to 486 mA/cm2 at 0.7 V and 
from 456 mA/cm2 to 716 mA/cm2 at 0.6 V. Percentage increase of performance 
was around 97 % at 0.7 V and 57 % at 0.6 V with Pt loading decreased from 0.6 
mgPt/cm2 to 0.4 mgPt/cm2 for both electrodes. Three curves are shown in the 
graph. When the testing condition for the MEA with two-layer structured 
electrodes changes, the performance is enhanced with the increase of cell 
temperature and back pressure, but still inferior to the MEA with three-layer 
structured electrodes. From some recent publications [14 – 16], the current 
densities drawn from PEM fuel cells fabricated using Nafion®117 and operated 
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under similar conditions were around 600 – 700 mA/cm2 at 0.6 V. Thus a 
conclusion can be drawn that the new fabrication method can greatly improve the 
performance of MEAs and enable the fabricated MEA comparable to others in 
literature.  
 
Fig. 4.3 Polarization curves of MEAs fabricated by improved method and old method. The solid 
lines represent the fits of the respective experimental data to Eq. 3.1. 
 
 Fig. 4.4 shows SEM image of the cross-section of MEA prepared by spraying 
method. The Nafion®117 membrane is sandwiched in between two three-layer 
electrodes. The catalyst layer is marked with C in the SEM image. From the crack 
shown in the image, the catalyst layer was estimated to be around 20 to 30 
microns. The catalyst layer was easily separated from the diffusion layer since the 
two layers were held together by different binders. The gas diffusion layer is 
filling up the large gaps in the carbon paper and it serve as a support to prevent the 
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catalyst from penetrating inaccessible region inside the matrix of carbon fibers. 
The two-layer electrode structure which does not have a layer dedicated to gas 
diffusion and water removal may have less reaction sites compare to a three-layer 
electrode structure even though the electrodes were prepared with higher catalyst 
loading. Some catalyst paste may fell into the gaps in the carbon paper and maybe 
cut off from the proton conducting medium and thus render the inaccessibility of 
the catalyst particles from the electrolyte membrane. 
 
 
Fig. 4.4 Cross-section view of MEA fabricated by spraying method. The region marked with A is 





The elemental distribution is studied by energy dispersive x-ray analysis 
(EDX). Fig. 4.5 shows the variation in the elemental composition of the gas 
diffusion layer prepared by spraying method as a function of the distance from the 
Nafion© membrane. In Fig. 4.5a, the weight percent of Pt decreases when the 
distance from the membrane increases. Typically the thickness of the catalyst 
electrode (C in Fig. 4.4) layer is around 20-30μm.  But it is clear that the catalyst 
materials in the catalyst electrode layer may diffuse into the gas diffusion layer as 
there are still 1.18 wt% Pt at 50 μm and 0.32 wt% at 65 μm from the membrane. 
The fluorine in the electrode is contributed by both the Nafion© ionomer and the 
PTFE in the gas diffusion layer. In Fig. 4.5c the F content at the vicinity of the 
membrane is much higher than that in the diffusion layer.  This may indicate that 
part of the Nafion© membrane was melted into the catalyst layer. At the distances 
further than 35 μm, the fluorine content is more or less constant and mostly 






 Fig. 4.5 Variation of the (a) Pt, (b) C and (c) F concentrations as a function of the distance 
from the membrane.  The right panel (Fig. 4.5d) displays the EDX spectra at various distances. 
The vertical axis is the intensity (arb. units) and the horizontal axis is the energy in terms of KeV.  
 
 
The cross-section of MEA prepared by spreading method was shown in Fig. 
4.6. Compare to the cross-section of MEA prepared by spraying method in Fig. 
4.4, the difference between the MEA with three-layer electrode structure (Fig. 4.4) 
and MEA with two-layer electrode structure (Fig. 4.6) is obvious. From Fig. 4.6 
the spreading of catalyst paste onto the carbon paper substrate actually pushed the 
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catalyst layer into the carbon paper substrate, which can be seen from the image 




Fig. 4.6 Cross-section view of MEA fabricated by spreading method. The region marked with A is 
the carbon paper substrate; B is the catalyst layer. C is the Nafion® 117 membrane.  
 
The electrochemical parameters obtained from curve fitting are listed in Table 
4.1. The calculations using the non-linear least square method generally yield 
parameters with correlation coefficients (R2) in excess of 0.99 for the polarization 
curves, as shown in the tables. Most fitted parameters have correlation coefficients 
more than 0.999, while some have R2>0.9999. The parameters of the circuit 
elements obtained from the fitting of EIS (electrochemical impedance spectra) 
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data also have small chi square (χ2) around 0.002, which denotes good fit to the 
data. 
 















Spraying 0.9914 0.0580 0.000301 1.51×10-4 0.006589 0.999862 0.029 1.47×10-4 0.5960 
Spreading 0.9653 0.0708 0.000184 2.93×10-2 0.002502 0.998695 0.217 3.12×10-4 0.4878 
 
Table 4.1 Electrochemical parameters for the polarization curves in Fig. 4.3.  
 
The Ohmic resistance of spraying method is larger than the spreading method 
due to the lower membrane conductivity.  The higher membrane conductivity for 
MEA prepared by spreading method is indicated by the smaller parameter n for 
the spreading method in Table 4.1. [11, 17]. The parameter m for spreading 
method is about 200 times larger than spraying method, and this shows that the 
electrode structure prepared by spreading method has lower porosity. The high 
membrane conductivity and low electrode porosity of the MEA prepared by 
spreading method can be explained by the structure and composition of the 
two-layer electrode. The catalyst layer for spreading method consists of only the 
carbon black supported Pt particles and Nafion® ionomer. Thus it lacks the 
hydrophobic channels that are not easily flooded by humidification or product 
water. The higher membrane conductivity might be due to the higher proton 
conductivity in the catalyst layer since the gas diffusion electrode consists of only 
Nafion® ionomer except the Teflonized carbon paper. The hydration level of the 
                                                        
7 ηt,800 is the mass transport overpotential for the MEA at a current density of 800mA/cm2.  
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catalyst layer and the membrane could be higher due to the hydrophilic nature of 
the Nafion® ionomer. On the other hand, the lack of hydrophobic channels caused 
the flooding of the electrode and the blockage of the gas diffusion channels and 
thus the overall porosity of the electrodes was smaller compare to the electrodes 
prepared by spraying method.  
 
 Another parameter that requires much attention is the transfer coefficient (α), 
which is inversely related to the Tafel slope (b), as shown in Eq. 3.3. A larger α 
value usually indicates a better electrocatalytic mechanism [18].  But recent 
study by J. N. Soderberg et al. [19] showed that α is also strongly dependant on 
electrode porosity, ionic or electronic conductivity and the value of exchange 
current density (i0). Generally an inversed relation of the fitted values of α and i0 
was also observed as concluded by the authors that high i0 leading to a smallα. In 
this study only the fabrication conditions for the MEAs were altered while the 
same catalyst material (Pt/VXC72R) was used, thus the changes in i0 should not 
be due to the catalytic properties of the catalyst but might be affected by the 
changes of α that depends on the porosity and thickness of the electrode.  
 
 Smaller α indicates thicker electrode and smaller porosity. The MEA prepared 
by spraying method has a larger transfer coefficient (α = 0.5960) than the MEA 
prepared by spreading method (α = 0.4878) and thus the spraying method 
produced electrodes with higher porosity. The lower porosity of the electrode 
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prepared by spreading method might be due to the flooding of the electrode as 
explained above.  Additionally it may be also due to the repeated compaction 
when the catalyst paste was spread using a spatula in the preparation process. The 
mass transport overpotential at 800 mA/cm2 (ηt,800) for spreading method is 0.217 
V; significantly larger than the overpotential of MEA prepared by spraying 
method (ηt,800 = 0.029 V) and this is a consequence of the lower porosity and 




4.3.2 Different methods for MEA fabrication  
 Fig. 4.7 shows the polarization curves of MEA fabricated by different 
methods, i.e. spraying, transfer, brushing and rolling. The MEA fabricated by 
spraying method (MEA(spraying)) has higher performance than all other 
fabrication methods except for the current density region larger than 900 mA/cm2 
where the MEA prepared by transfer method (MEA(transfer)) shows better 
performance. The electrochemical parameters for the polarization curves are 
presented in Table 4.2.  
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Fig. 4.7 Polarization curves of MEAs with catalyst layer prepared by different methods. The solid 
lines represent the fits of the respective experimental data to Eq. 3.1. 
 















Rolling  1.009 0.126 0.000168 3.41×10-5 0.009887 0.997884 0.093 2.65×10-2 0.2742
Spreading 1.008 0.084 0.000335 6.20×10-4 0.007024 0.999691 0.171 4.16×10-3 0.4119 
Transfer 0.9763 0.059 0.000344 1.06×10-4 0.005450 0.999920 0.008 8.91×10-5 0.5897
Brushing 0.9819 0.054 0.000301 5.71×10-3 0.003454 0.999890 0.091 5.35×10-5 0.6370
Spraying 0.9635 0.036 0.000330 1.82×10-4 0.006817 0.999838 0.043 1.14×10-7 0.9591
Table 4.2 Electrochemical parameters for the polarization curves in Fig. 4.7. 
 
The MEAs were tested at a cell temperature of 75 °C. The humidification 
temperature for the reactant gases were 95 °C and 85 °C for anode and cathode 
respectively. The flow rates for both reactant gases were fixed at 150 ml/min 
throughout the cell operation. The back pressure applied for the gases was usually 
3 atm at anode and 4 atm at cathode. 
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The parameter ηt,800 for MEA(transfer) is the smallest among the fabrication 
method, only 0.008 V at 800 mA/cm2. This is not surprising as for transfer method; 
the catalyst was also sprayed onto the fiberglass-reinforced Teflon sheet blank 
before hot-pressing, thus the produced catalyst layer having high porosity. Though 
parameters m and n for the electrodes prepared by transfer method are slightly 
smaller than spraying method, but a slight change in parameter n can cause large 
difference in the mass transport overpotential owing to the exponential term. The 
higher proton conductivity of MEA(transfer) could be a consequence of better 
integration of the membrane and the catalyst layer hot-pressed at higher 
temperature (195 °C). However the Ohmic overpotential of MEA(transfer) is not 
lower than the others, even though the ionic resistance of the membrane is a major 
part of the Ohmic overpotential. This might be due to the increase of the Ohmic 
resistance of the catalyst layer which might have residue additive such as glycerin 
and TBAOH that were not completely removed during the fabrication process. 
These residue chemicals and the lower loading of the electrodes (0.2 mg/cm2) in 
MEA(transfer) are the factors that caused a higher Tafel slope and leading to a 
lower α value.  
 
 The composition of the catalyst layer for MEA(spreading) and MEA(rolling) 
is similar and the only difference is the application method of the catalyst layer. 
The catalyst layer for MEA(rolling) was rolled into a thin film using glass rod 
before applied onto the carbon paper substrate. The repeated rolling process might 
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squeeze the air out of the catalyst film and causing the decrease of porosity for the 
catalyst layer. This is evident in the small α value (α = 0.2742) of MEA(rolling). 
On the other hand the Ohmic resistance of MEA(rolling) is the smallest (R = 
0.168 Ωcm2) since better contact between the catalyst particles and the electrolyte 
ionomer is obtained from repeated rolling of the catalyst film and this might also 
lead to better integration with the electrolyte membrane.  
  
 The composition of catalyst layer and the gas diffusion layer for 
MEA(brushing) is the same as MEA(spraying). The difference in application 
methods does not affect the Ohmic overpotential of the MEAs prepared by the 
two methods, but has significant impact on the mass transport overpotential as 
shown in Table 4.2. The larger mass transport overpotential of brushing method 
was found due to the lower porosity of the gas diffusion electrodes which is 
indicated by the large m and lower α value compare to MEA(spraying).  
 
The electrochemical impedance spectra were fitted for the circuit elements 
according to the equivalent circuit model shown in Fig. 3.5. The model is chosen 
for its simplicity and clear physical explanation. The double layer capacitance 
arises from the charge accumulation at the electrolyte-electrode boundary. The 
charge accumulation might be a consequence of disconnection of the electronic or 
ionic conduction paths from the electrode or electrolyte at certain regions in the 
electrolyte-electrode interface. Thus the double layer capacitance might affect the 
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electronic and ionic conductivity in the MEA. The charge transfer resistor and the 
Warburg element are parallel to the double layer capacitor. The charge transfer 
resistor includes the electronic resistance of the walls of the pores and the ionic 
resistance of the electrolyte in the pores. These pores are assumed to be 
perpendicular to the electrode-electrolyte boundary and thus the charge transfer 
resistor is parallel to the double layer capacitance. The Warburg element is in 
series with the charge transfer electrode but parallel to the double layer 
capacitance since the model assumed pores with half-filled electrolyte and the 
diffusion impedance of the electrolyte-free half of the pore is given by the 
Warburg element. This model is simple but sometimes does not produce 
satisfactory fit for the EIS data due to the complexity of the real system, 
furthermore due to the lack of a reliable reference electrode, there is no way to 
verify the values assigned to anode and cathode obtained from the fitting 
procedure. Thus the EIS analysis only served as supportive information for the 
discussion of the performance of the MEAs and will not be discussed in greater 
details. 
 
 Fig. 4.8 shows the EIS data for the MEAs fabricated by spraying method and 
transfer method.  
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Fig. 4.8 Electrochemical Impedance spectra of MEAs measured at a cell potential of 0.7 V. The 
MEAs were prepared by spraying method and transfer method. The dotted curves represent the fits 
of the respective experimental data to the equivalent circuit model. The frequency (ω) of the 
voltage perturbation is increasing from right to left of the plot.  
 
Method Cdl,a [F] Rct,a [Ω] Z0,a [Ω] τa [s] Rm [Ω] Cdl,c [F] Rct,c [Ω] Z0,c [Ω] τc [s] χ2
Transfer 0.011015 0.22352 0.03904 7.617 0.42366 0.003189 0.09474 0.10219 1.56×105 0.002099
Spraying 0.003522 0.08378 2.786 7.96×105 0.52102 0.021661 0.11957 0.09319 8.124 0.001731
 
Table 4.3 Fitted values of the equivalent circuit elements for the electrochemical impedance 
spectra in Fig. 4.8. 
 
EIS data collected at 0.6 V or 0.7 V are used because at these the mass 
transport overpotential begins to affect the cell voltage. From the fitted results in 
Table 4.3, the membrane resistance of MEA(transfer) (Rm = 0.42366 Ω) is slightly 
smaller than MEA(spraying) (Rm = 0.52102 Ω). This is reasonable as the transfer 
method promoted better integration of the catalyst layer and the electrolyte 
membrane, thus when the water vapour carried by the humidified reactant gases 
diffuses to the catalyst layer, the ionomer in the catalyst layer which established 
good ionic conduction paths with the membrane will adsorb the water molecules 
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for the hydration of the electrolyte membrane. The frequency of the voltage 
perturbation in the Nyquist plot is increasing from left to right of the plot. 
Generally, the high frequency region of the impedance spectra is influenced by the 
charge transfer resistance, while in the low frequency region, the mass transport 
resistance of the GDL, the catalyst layer and the membrane dominates [20].  It 
can be seen from Fig. 4.8; the semicircle in the low frequency region for 
MEA(spraying) is larger than the semicircle for MEA(transfer) and thus indicates 
larger mass transport overpotential for MEA(spraying), which agrees with the 
fitted parameters for the polarization curves.  
 
The MEAs prepared by spraying method and transfer method outperformed 
the MEAs prepared by other methods in various regions of current densities. The 
mass transport overpotential for MEA(spraying) is larger than MEA(transfer)  
and thus MEA(transfer) outperformed MEA(spraying) in the high current 
densities region (>900 mA/cm2). Nevertheless the transfer method was not used as 
a basic method for the studies on the effect of Teflon content in the GDL and the 
effect of compaction force on the performance due to its complicated fabrication 
procedure. For the fabrication of MEA(transfer), additives such as glycerin and 
TBAOH require additional removal steps and the Nafion® membrane for 
MEA(transfer) has to be pretreated to Na+ form before hot-pressing and reverted 
to H+ form after hot-pressing. Other than these additional procedures, the catalyst 
loading in the catalyst layer for MEA(transfer) are limited to around 0.2mgPt/cm2 
due to the formation of cracks within the catalyst layer that caused part of the 
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catalyst layer attached to the fiberglass-reinforced Teflon sheet blank when it is 
peeled from the membrane after hot-pressing. Hence spraying method was used as 
a basic method for its simplicity compare to transfer method.  
 
 
4.3.3 Effect of Nafion® membrane thickness  
  
Polarization curves of MEAs fabricated using three different Nafion 
membranes, i.e. Nafion® 112 (thickness 0.002 in.)8, Nafion® 115 (thickness 
0.005 in.) and Nafion® 117 (thickness 0.007 in.), are compared in Fig. 4.9. 
Fig. 4.9 Polarization curves of MEAs prepared using different types of proton exchange membrane. 
The solid lines represent the fits of the respective experimental data to Eq. 3.1. 
 
The performance of MEA fabricated using Nafion® 112 (MEA(112)) shows 
                                                        
8 The thicknesses of the Nafion® membranes are obtained from the online product specification of 
Sigma-Aldrich (http://www.sigmaaldrich.com).   
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the best performance for the region with current densities larger than 230 mA/cm2. 
At 0.6 V, the current density produced by MEA(112) was 1124 mA/cm2, the MEA 
fabricated using Nafion® 115 (MEA(115)) produced a current density of 
844mA/cm2 and the MEA fabricated using Nafion® 117 (MEA(117)) only 
produced a current density of 632 mA/cm2.  
 
The fitted parameters for the polarization curves are shown in Table 4.4. From 

















Nafion®117 1.0040 0.0567 0.000302 3.14×10-3 0.004487 0.999986 0.114 2.02×10-4 0.6091
Nafion®115 0.9891 0.0638 0.000199 1.41×10-3 0.003757 0.999685 0.029 3.03×10-4 0.5416
Nafion®112 0.9514 0.0465 0.000039 2.25×10-2 0.001776 0.999766 0.093 2.28×10-6 0.7434
Table 4.4 Electrochemical parameters for the polarization curves in Fig. 4.9. 
 
The Ohmic resistances (R) of the MEA are 0.302 Ωcm2, 0.199 Ωcm2 and 




c) Fig. 4.8 a) Ohmic resistance plotting 
against membrane thickness, b) 
Parameter n plotting against membrane 
thickness and c) Parameter n plotting 
against Ohmic resistance. The error 
bars were obtained from the curve 
fitting results of the experimental data 




Fig. 4.10 shows the correlation between n, R and the thickness of membrane. 
The correlation coefficient R2 is 0.99991 for Ohmic resistance vs. membrane 
thickness, 0.97903 for n vs. membrane thickness and 0.98168 for n vs. Ohmic 
resistance. The correlations coefficients between membrane thickness and n and R 
are close to one, but the y-intercept of these plots are non-zero, thus the 
correlations are not exactly linear but probably quasilinear in the thickness range 
(50.8 ~ 177.8 μm) studied. Since all the three MEAs were fabricated according to 
same procedures, the thickness of the membranes is the only variable factor for 
these experiments, and the changes in Ohmic resistance should be dependent only 
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on membrane thickness as the composition and the fabrication method of the 
electrodes are the same.  In Fig. 4.10, the increase of membrane thickness leads 
to the increase in the Ohmic resistance and n. The parameter n also increases with 
the increase of Ohmic resistance. As stated earlier, the changes in Ohmic 
resistance is dependent on the membrane thickness, thus the changes in the Ohmic 
is due to the changes in the membrane resistance. Since n increases with Ohmic 
resistance, it should be dependent on the membrane resistance as well and this is 
consistent with the conclusion drawn by Bevers et al.  
 
 Thus when the Nafion membrane thickness reduces, Ohmic resistance 
decreases and thus the MEA performance is enhanced, particularly in the region of 
current density > 230 mA/cm2. 
 
The E0 of the MEAs was found to decrease as the membrane thickness 
decreases. The reason for the decrease of E0 is that when the membrane thickness 
decreases, the crossover of the reactant gases especially hydrogen increases; this 
causes the open circuit potential to drop since less reactant gases take part in the 
reaction. This problem can be resolved by incorporating catalyst particles into the 
electrolyte membrane as proposed by Watanabe et al. [20].  
 
4.3.4 Effect of Teflon content in the gas-diffusion-layer (GDL) 
 The performances of the MEAs with different Teflon content in the GDLs are 
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presented in Fig. 4.11 and 4.12. Fig. 4.11 shows the performances of MEAs with 
various Teflon content in the GDL.  The Teflon content in anode and cathode is 
however the same for each polarization curve.  In Fig. 4.11, the MEA with 40 
wt% Teflon in the GDL for both anode and cathode (MEA(40/40)) shows better 
performance than the MEA with 30 wt% and 50 wt% Teflon.  MEA(40/40) 
produces a current density of 467 mA/cm2 at 0.7V while MEA(30/30) and 
MEA(50/50) only have output current densities of 347 mA/cm2 and 373 mA/cm2 
respectively.  
 
Fig. 4.11 Polarization curves of MEAs prepared with different Teflon content in the gas diffusion 
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30/30 0.9673 0.0328 0.000338 2.76×10-2 0.002512 0.999897 0.206 3.12×10-8 1.0529
40/40 0.9896 0.0389 0.000223 3.64×10-2 0.001747 0.999941 0.147 1.74×10-6 0.8883
50/50 0.9927 0.0519 0.000425 1.62×10-5 0.011250 0.999750 0.131 5.53×10-5 0.6659
Table 4.5 Electrochemical parameters for the polarization curves in Fig. 4.11.  
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  The parameters obtained from the curve fitting of experimental data are 
presented in Table 4.5. The Teflon content in the GDL has significant impact on 
the mass transport overpotential. When the Teflon content in the GDL was 
increased from 30 wt% to 50 wt%, the mass transport overpotential ηt,800 
decreased from 0.206 V to 0.131 V. The incorporation of Teflon in the GDL 
increased the amount of hydrophobic pores that prevent the gas diffusion channels 
from being flooded by the product water or the water condensed from the 
humidified reactant gases. But further increasing the Teflon content might 
decrease the electronic conductivity and decrease the number of hydrophilic pores 
that assist water removal from the catalyst layer. The Ohmic resistance R varies in 
a similar pattern as the parameter n, where both parameters decreased when the 
Teflon content increased from 30wt% to 40wt% and increased again when the 
Teflon content increased from 40wt% to 50wt%. It is suggested that the 
membrane resistance decreased to a minimum at 40wt% Teflon content in the 
GDL since n should be dependant on the membrane resistance. It is interesting 
that changing the Teflon content in the GDL has such an influence on the 
membrane resistance. One possibility is that the change of the Teflon content in 
the GDL changes the water management properties of the electrodes and thus 
affects the hydration level of the electrolyte membrane. Another explanation for 
this is that the increase of Teflon might hinder the diffusion/transport of water 
vapour carried by the reactant gases which is in favor of the hydration of the 
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membrane. When the Teflon content is too low, flooding of the electrodes will 
occur.  Though this does not affect the hydration level of the membrane, the 
flooded pores prevented the hydrogen gases from reaching the reaction sites in the 
catalyst layer and thus fewer protons will migrate through the membrane.  This is 
reflected as the increase in the membrane resistance. The actual situation might be 
more complicated and further investigations on the water management properties 
are needed.  
 
 Fig. 4.12 shows the performance curves of MEAs with the same Teflon 
content in cathode but different Teflon content in the GDLs of anode. The Teflon 
content in the cathode of the MEAs was fixed at 40wt%, while the Teflon content 
in the GDL of anode varied to find the amount of hydrophobic agent that gives 
optimum performance.  It is clear in Fig. 4.12 that the MEA with 30wt% Teflon 
in the GDL of anode and 40 wt% Teflon in the GDL of cathode shows the best 
performance. The current density was 673 mA/cm2 at 0.6V for the MEA with a 25 
wt% Teflon content in the GDL of anode (MEA(25/40)), 720 mA/cm2 at 0.6 V for 
30 wt% Teflon and 667 mA/cm2 for 35 wt% Teflon. Consider the percentage 
increased of the current densities at 0.6 V; it is around 7% between 25wt% and 
30wt% and 8% between 35wt% and 30wt%. As shown in Table 4.6, the parameter 
n increases with the increase of the Teflon content in the GDL of anode, which 
indicates a lowering of the hydration level of the membrane due to less water 
being carried to the electrolyte. On the other hand, the increased Teflon content 
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leads to the decrease in m, which indicates the increase of electrode porosity. The 
increase of porosity might be due to the increase of hydrophobic pores that 
remains unobstructed by the water condensed in the electrodes. Competing 
between these two factors, MEA(30/40) came out as the MEA with the GDL 
composition that had smallest mass transport overpotential (ηt,800) of the three 
MEAs.  
Fig. 4.12 Polarization curves of MEAs prepared with different Teflon content in the gas diffusion 























25/40 0.9814 0.0428 0.000331 3.93×10-3 0.003336 0.999989 0.057 3.76×10-6 0.8073
30/40 0.9825 0.0449 0.000311 0.69×10-3 0.004891 0.999865 0.034 7.22×10-6 0.7687
35/40 0.9927 0.0519 0.000425 1.62×10-3 0.011250 0.999750 0.131 5.53×10-5 0.6659
 








25/40 0.487×10-3 0.000095 
30/40 0.118×10-3 0.000131 
35/40 0.139×10-3 0.000101 
Table 4.7 Standard errors of m and n for the polarization curves in Fig. 4.12. 
 
 The standard errors in the parameters discussed (m and n) are listed in Table 
4.7.  The fitted parameter n is quite accurate as the errors are less than 5% of the 
values, while the parameter m for the MEAs is less accurate, and some of the 
errors are larger than 10%. The deviation of the experimental curves from the 
corresponding fittings in Fig. 4.12, together with the standard errors in the 
parameters in Table 4.7 suggest that the effect of changing the Teflon loading in 
the gas diffusion layer on the MEA performance is not significant at the anode 
compare to the cathode. This is because the water flooding of the electrode is 
prone to occur at cathode. Due to the generation of water at cathode, Teflon 
content at cathode plays a more important role compare to that at anode. 
 
4.3.5 Effect of compacting force on the performance of MEA 
 Different compact force can be applied in when applying gas-diffusion-layer 
(GDL) and catalyst layer (CL) on carbon paper to form a MEA.   
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Fig. 4.13 Polarization curves of MEAs prepared with different compaction force on both gas 
diffusion layer and catalyst layer of the electrodes. The MEAs were hot-pressed using Teflon as 
backing. The solid lines represent the fits of the respective experimental data to Eq. 3.1. 
 
Fig. 4.13 shows the polarization curves for MEAs with different compaction 
forces. The MEAs in these experiments were hot-pressed using normal Teflon 
sheets, rather than fiberglass-reinforced Teflon sheets, as backing for hot-pressing. 
The MEA with best performance is the MEA fabricated with 1250 kg compaction 
force on both GDL and CL (MEA-1250-1250). At 0.6 V, MEA-1250-1250 
produced current densities of 667 mA/cm2, higher than 590 mA/cm2 by 1000 kg 
(MEA-1000-1000) and 264 mA/cm2 by 698 kg (MEA-698-698). The parameters 
R and n, shown in Table 4.8 exhibited clear trend of increment when the 
compaction force decreased from 1250 kg to 698 kg. This indicates that as the 
compaction force increased, the membrane conductivity increased. This can be 
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understood by the decrease of the thickness of catalyst layer, better integration 
with the electrolyte membrane during hot-pressing is achieved, and thus more 
ionic conduction paths that promotes higher proton conductivity. Nevertheless, the 
increase of compaction force seems to decrease the electrode porosity since the 
parameter m increased with higher compacting force. The decrease of electrode 
porosity will give lower α, while the increase of ionic conductivity with give 
higher α as concluded in reference [19]. Hence the value of parameter α was 
determined through the competition of the changes of the two factors, where the 
value increased from 0.6989 to 0.9873 and decreased to 0.7434 when the 























698kg 0.9354 0.0494 0.000571 6.03×10-5 0.025920 0.999050 0.9339 2.36×10-6 0.6989
1000kg 0.9316 0.0350 0.000191 1.62×10-2 0.003404 0.999945 0.247 8.75×10-9 0.9873
1250kg 0.9514 0.0465 0.000039 2.25×10-2 0.001776 0.999766 0.093 2.28×10-6 0.7434
 
Table 4.8 Electrochemical parameters for the polarization curves in Fig. 4.13. 
  
 When fiberglass-reinforced Teflon sheets were used as backing for 
hot-pressing, it was found that the gas diffusion electrodes which were 
compressed at 1000 kg for both GDL and CL were deformed during hot-pressing. 
When Teflon sheets are used as the hot-press backing, the deformation of Teflon 
                                                        
9 The mass transport overpotential for MEA(698kg) is calculated at 372.2mA/cm2. The mass 
transport overpotential for MEA(698kg) is larger than its open circuit potential at higher current 
densities. 
 79
sheets “absorbed” some force applied to the MEA, and thus the actual magnitude 
of force applied during hot-pressing was lower. When the same magnitude of 
force was used for hot-pressing using fiberglass-reinforced Teflon sheets backing, 
the rigidity of the backing transferred a larger magnitude of force to the MEA and 
caused the electrodes to deform. Thus the hot-pressing and the compaction forces 
on the GDL and CL were reduced when using fiberglass-reinforced Teflon sheets 
as hot-press backing.  
  
 Fig. 4.14 shows the performance curves of MEAs fabricated with different 
compaction forces on GDL, but with no compaction on CL. These MEAs were 
hot-pressed using fiberglass-reinforced Teflon sheets as hot-press backing. It is 
obvious that for hot-pressing with fiberglass-reinforced Teflon backing, the MEAs 
reached a performance comparable to the MEAs hot-pressed with Teflon backing 
at higher compaction forces. The MEA with GDL compressed at 153 kg 
(MEA-153-0) produced a current density of 657 mA/cm2 at 0.6 V, while the 
MEAs compacted with 422 kg (MEA-422-0) and 508 kg (MEA-508-0) produced 
current densities of 634 mA/cm2 and 590 mA/cm2 respectively. The difference in 
the performance of MEAs was not as large as observed in Fig. 4.13 when 
fiberglass-reinforced Teflon sheets were used as backing.  
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Fig. 4.14 Polarization curves of MEAs prepared with different compaction force on gas diffusion 
layer of the electrodes. The MEAs were hot-pressed using fiberglass-reinforced Teflon sheet as 
backing. The solid lines represent the fits of the respective experimental data to Eq. 3.1. 
 
As shown in Fig. 4.14, the performance of the MEAs decreases as the 
compaction force on the GDL increased. It was noted that to find the optimum 
compaction force on GDL, the experiment should be conducted with a smaller 
compaction force. However the compaction force of 153kg was the smallest force 
that can be indicated by the pressure gauge of the hydraulic press, thus the study 
on the effect of compaction force was done on partial range of compaction force 


























153kg 0.9685 0.0424 0.000364 4.07×10-5 0.008324 0.999707 0.032 1.65×10-6 0.8152
422kg 1.0040 0.0567 0.000302 3.14×10-3 0.004487 0.999987 0.114 2.02×10-4 0.6091
508kg 0.9726 0.0407 0.000416 6.19×10-5 0.009174 0.999818 0.095 1.21×10-6 0.8486
Table 4.9 Electrochemical parameters for the polarization curves in Fig. 4.14. 
 
 Table 4.9 displays the electrochemical parameters fitted for the experimental 
data in Fig. 4.14. The parameter m increased from 4.07×10-5 V to 3.14×10-3 V and 
then decreased to 6.19×10-5 V as the compaction force increased from 153 kg to 
422 kg and 508 kg. The transfer coefficient α changed in a different manner: it 
decreased from 0.8152 to 0.6091 and then increased to 0.8486 as the compaction 
force increased from 153 kg to 422 kg and 508 kg. The changes in both 
parameters indicated the decreased electrode porosity when the compaction force 
increased from 153 kg to 422 kg and the increased porosity when the compaction 
force increased from 422 kg to 508 kg. As discussed earlier for the MEAs 
hot-pressed with Teflon backing, the increase of compaction forces resulted in the 
compression of the gas diffusion materials and caused the decreased electrode 
porosity. However further compressing might cause the gas diffusion materials to 
slide off the carbon paper substrate, which increased the porosity of the gas 
diffusion layer. Fig. 4.15 shows four SEM images of the GDLs without 
compaction and with different compaction forces. As shown in Fig. 4.15, the 
porosity of the GDLs decreased gradually as the compaction force increased.  
When the compaction force increased to 508 kg, a drastic change in the porosity 
was observed, in Fig. 4.15 d) where threads of PTFE can be seen and these PTFE 
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threads are indication of sliding of gas diffusion materials.  
 
a) 0 kg 
b) 153 kg 
c) 422 kg 
d) 508 kg 
 
Fig. 4.15 Top views of gas diffusion layer of electrodes which were compressed with different 
compaction force. a) No compression on the electrode, b) electrode compressed at 153 kg, c) 
electrode compressed at 422 kg, and d) electrode compressed at 508 kg. 
 
Fig. 4.16 shows the electrochemical spectra for the MEAs fabricated with 
different compaction forces on their GDLs. The fitted values of the equivalent 
circuit elements for the electrochemical impedance spectra are listed in Table 4.10. 
        
Fig. 4.16 Electrochemical Impedance spectra of MEAs at 0.6V. The spectra of MEAs shown here 
were prepared with different compaction forces on the gas diffusion layer. The dotted curves 
represent the fits of the respective experimental data to the equivalent circuit model. The frequency 





(GDL) Cdl,a [F] Rct,a [Ω] Z0,a [Ω] τa [s] Rm [Ω] Cdl,c [F] Rct,c [Ω] Z0,c [Ω] τc [s] χ2
153kg 0.002705 0.00511 0.09056 2.58×10-6 1.063 0.021285 0.08859 0.18634 6.023 0.002665
422kg 0.021382 0.08545 0.19308 6.5 0.457 0.001644 0.12112 0.064648 0.11388 0.002279
508kg 0.017777 0.11597 0.36112 6.873 2.529 0.000616 0.18975 0.30655 0.07809 0.001427
 
Table 4.10 Fitted values of the equivalent circuit elements for the electrochemical impedance 
spectra in Fig. 4.16. 
 
As shown in Table 4.10, the membrane resistance is 1.063 Ω, 0.4572 Ω, and 
2.529 Ω for MEA-153-0, MEA-422-0 and MEA-508-0 respectively. The 
prediction from the fitting of the polarization curves in Fig. 4.14 agrees to the 
membrane resistances from the EIS, where the parameter n has the smallest value 
for MEA-422-0, medium for MEA-153-0 and largest for MEA-508-0. Table 4.11 
collects the diffusion coefficients for MEA-153-0, MEA-422-0 and MEA-508-0 at 
both anode and cathode. The coefficients were calculated using Eq. 3.6 in Chapter 
3 with the electrode thickness measured by SEM as shown in Fig. 4.17. The 
coefficients were not affected much by the thickness of the gas diffusion 
electrodes since the change in the thickness of the electrodes, caused by the 
change in the compaction force, was small. The diffusion coefficients of anode 
showed a decreasing trend when the compaction force increased from 153 kg to 
508 kg, while the diffusion coefficients of cathode showed an increasing trend 











Table 4.11 Coefficient of diffusion for the MEAs with different compaction forces on GDL 
calculated using Eq. 3.6 in Chapter 3. 
 
     
Fig. 4.17 C enross-section views of the gas diffusion electrodes which were compressed with differ t 
The trends are different from the change of electrode porosity as discussed in 
the polarization curves, since the parameters for the polarization curves were fitted 
over the whole range of cell voltage while the EIS data were measured at 0.6 V. 
The change in the cell polarization (i.e. cell voltage) might have changed the 
porosity as well since the cell potential affects the generation rate of product water, 
which has significant impact on the electrode porosity. The coefficients of 
diffusion for MEA-422-0 and MEA-508-0 have similar values but the coefficient 
compaction force. a) No compression on the GDL, b) GDL compressed at 153kg, c) electrode 











of diffusion for MEA-153-0 shows greater difference. The time constant of 
diffusion τ obtained varies greatly for the MEAs with different compaction forces 
on their GDLs, and caused great differences in their coefficient of diffusion. It is 
the extremely small time constant of diffusion for MEA-153-0 (τa=2.58×10-6 s) 
that leads to the large coefficient of diffusion at anode (Da 4.67×102 cm2/s). The 
unusually large value suggested that the simple model might not be suitable in this 
case or the poor quality of the data acquired under large contact resistance. 
However the membrane resistances for the MEAs obtained from the fitting of EIS 
data were found consistent with the prediction from the polarization curves, and 
thus can be consider reliable for discussion.  
 
 Fig. 4.18 compares the performance of MEA-153-0, MEA-422-0 and the 
MEAs fabricated with compaction on CL. The MEA with 422 kg compaction on 
GDL and 153 kg on CL (MEA-422-153) showed similar performance to 
MEA-422-0, while the MEA with 422 kg compression on GDL and 422 kg on CL 
(MEA-422-422) showed inferior performance. The compaction on the CL seems 
to increase the porosity of the electrodes as indicated by the increase of α from 
MEA-422-0 to MEA-422-422 as shown in Table 4.12. The Ohmic resistance also 
increased from 0.302 Ωcm2 to 0.440 Ωcm2 as the compaction force on CL 
increased. This can be explained by the sliding of GDL or CL materials to the side 
of the carbon paper substrate as the compaction force increases. When this 
happens, the pores within the GDL or CL widen and the porosity increased. But at 
the same time this caused the rupture of some electronic conduction paths and 
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thus increased the ohmic resistance. When the compaction force increased to 153 
kg at CL, the porosity will further increase while the electronic conductivity will 
decrease. The overall performance was unchanged due to the competition of the 
two factors that canceled their effects. As the compaction force further increased, 
the high electronic resistance caused the drop of MEA performance.  
 
Fig. 4.18 Polarization curves of MEAs prepared with different compaction forces on GDL and CL. 























153kg/0kg 740 51 272 10-3 5088 9824 ×10-5 27320.9  0.05 0.000 1.28× 0.00 0.99 0.075 4.47 0.6
422kg/0kg 1.0040 7 10-3 .999987  .60907 0.056 0.000302 3.14× 0.004487 0 0.114 2.02×10-4 0
422kg/153kg 0.9853 0.0443 0.000351 1.88×10-3 0.004880 0.999940 0.093 7.08×10-6 0.77948
422kg/422kg 0.9786 0.0427 0.000440 2.44×10-3 0.004818 0.999723 0.115 3.17×10-6 0.80848
 
Table 4.12 Electrochemical parameters for the polarization curves in Fig. 4.18.  
 87
  Fig. 4.19 shows the EIS data for MEA-153-0, MEA-422-0, MEA-422-153 
and MEA-422-422 and their respective fits. The fitted parameters for the EIS data 
are shown in Table 4.13. From Table 4.13 the membrane resistance of MEA-422-0, 
MEA-422-153 and MEA-422-422 does not differ much from each other, the value 
of parameter n for the MEAs also does not differ much as shown in Table 4.12. 
This might be due to the compression of the CL during hot-pressing where the CL 
of MEA-422-0 was also compressed to a CL thickness comparable to 
MEA-422-153 and MEA-422-422 and hence the difference in the ionic 
conductivity was small.  
 
 
Fig. 4.19 Electrochemical Impedance spectra of MEAs at 0.6V. The spectra of MEAs shown here 
were prepared with different compaction forces on the gas diffusion layer and catalyst layer. The 
dotted curves represent the fits of the respective experimental data to the equivalent circuit model. 





(GDL/CL) Cdl,a [F] Rct,a [Ω] Z0,a [Ω] τa [s] Rm [Ω] Cdl,c [F] Rct,c [Ω] Z0,c [Ω] τc [s] χ2
153kg/0kg 0.002705 0.005111 0.090562.58×10-6 1.063 0.021285 0.08859 0.18634 6.023 0.002665
422kg/0kg 0.021382 0.085453 0.193086.5 0.457190.001644 0.12112 0.06465 0.11388 0.002279
422kg/153kg 0.020073 0.062808 0.137037.059 0.383710.07103 0.09042 0.03433 0.13925 0.002249
422kg/422kg 0.025179 0.061845 0.143796.32 0.368560.074122 0.16408 0.04910 0.24836 0.001475
 
Table 4.13 Fitted values of the equivalent circuit elements for the electrochemical impedance 
spectra in Fig. 4.19. 
 
4.4 Summary 
 The optimization of the fabrication conditions has improved the performance 
of MEA greatly (>50 %), from 247 mA/cm2 to 486 mA/cm2 at 0.7 V and from 456 
mA/cm2 to 716 mA/cm2 at 0.6 V. The improvement is essential for further 
investigation on the electrode catalyst materials.  
  
 Various fabrication methods of PEMFC MEA were studied. The spraying 
method was found to be a favorable one, better than spreading method, due to the 
introduction of additional gas diffusion layer between the carbon paper substrate 
and catalyst layer. In the gas diffusion layer the presence of hydrophobic and gas 
diffusion channels can improve the water management and gas transport. 
Influence of Teflon content on the MEA was investigated and the best 
composition was 30 wt% in the GDL of anode and 40 wt% in the GDL of cathode. 
The effect of compaction force was also studied though further investigation is 
needed for fabrication of MEA with better performance.  
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 The fitting of the polarization curves using the current-voltage equation in 
Chapter 3 (Eq. 3.1) has been shown to be very useful in providing parameters for 
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Chapter 5 




 Ever since the discovery of carbon nanotubes [1], their unique mechanical, 
electrical and structural properties have attracted much attention. Investigations 
have been carried out to find applications of carbon nanotubes in hydrogen storage 
[2, 3], electrochemical energy storage [4], electronic devices [5, 6] and 
heterogeneous catalysis [7-9].  A number of studies show that carbon nanotubes 
can be a better support for Pt catalysts in proton exchange membrane (PEM) fuel 
cells compare to traditional carbon black [10-13].  Matsumoto et al. reported that 
by using multiwall carbon nanotubes (MWCNTs) as catalyst support in 
hydrogen/oxygen fuel cell, the 12 wt% Pt-deposited carbon nanotubes electrode 
gave 10 % higher voltages than 29 wt% Pt-deposited carbon black and reduced 
the Pt usage by 60 % [14]. Li et al. demonstrated that Pt catalysts deposited on 
MWCNTs had higher activity for direct methanol fuel cell in the high current 
density region (i.e. at 0.4 V) as compared to that on commercial XC72 carbon 
black, with 37 % higher current density under the same test conditions [15].  
 
 Carbon nanotubes are more hydrophobic compared to other carbon materials 
due to lesser defects on its surface. To enhance the attachment of nano-sized Pt 
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particles on carbon support, surface functionalization is often helpful. It was 
shown that the oxidation of carbon nanotubes with HNO3, KMnO4, H2O2 or ozone 
gas (O3) could introduce functional groups such as hydroxyl groups (-OH), 
carboxyl groups (-COOH), carbonyl groups (-CO), and sulfate groups (-OSO3H) 
[16-22] on the carbon nanotubes surface, providing nucleation sites for the 
deposition of highly dispersed metal particles. However these surface oxidation 
methods are time consuming and often require extensive heating, filtration and 
washing to remove the oxidant, which would increase the cost for 
commercialization of the fuel cells. 
 
 In the present study, citric acid (CA) was used to create functional groups on 
carbon nanotubes for the subsequent uniform dispersion of Pt or Au nanoparticles 
[23]. The surface modification of MWCNTs by CA has several advantages over 
the conventional reflux treatment process.  It is done simply by heating 
CA/MWCNTs mixture at 300°C for 1/2 h, while it usually takes 4 to 48 h in the 
reflux treatment process [26-28]. As the thermal decomposition temperature of CA 
is 175 °C, it is unlikely to have non-reacted acid in the CA-treated MWCNTs, thus 
washing and filtrating processes to remove the acid are unnecessary. Hence CA 
modification of carbon nanotubes is a simple and fast process. When 
CA-functionalized MWCNTs were employed as the support for Pt deposition, 
higher Pt loading, smaller particle-size and higher catalyst activity for fuel cell 
processes were measured as compared to those on acid-refluxed MWCNTs and 
 92
carbon black (XC72) under identical experimental conditions. 
   
5.2 Experimental Details 
5.2.1 CA Treatment of MWCNTs  
In a typical experiment, 100 mg of MWCNTs (purchased from Shenzhen 
Nanotech Port Co. Ltd. with diameters between 20 to 40 nm), 100 mg of citric 
acid monohydrate (Fluka 99.5 %) and 10ml of distilled water were mixed with the 
help of ultrasonic vibration (Elma, 100 W and 35 kHz) for 15 min, and then let 
dried to form a paste. After heated at 300°C for 30 min, the CA treated MWCNTs 
were ready for Pt deposition.  
 
5.2.2 Deposition of Platinum Nanoparticles on MWCNTs   
40mg of the above functionalized MWCNTs was dispersed in 50 ml of 
ethylene glycol (Sigma Aldrich 99+ %) by ultrasonic vibration and mixed with 1.0 
ml of 0.04M H2PtCl6.6H2O (Fluka) aqueous solution in a Teflon vessel.  0.5 ml 
of 0.8 M NaOH was added drop wise into the mixture and stirred vigorously. The 
mole ratio of NaOH/Pt was > 8 to induce small and uniform Pt particles formation 
[24]. The Teflon vessel with the mixture was placed in the Milestone 
MicroSYNTH programmable microwave system (1000 W, 2.45 GHz), heated to 
160°C within 2 min, and maintained at the same temperature for 2 min for the 
reduction of the platinum precursor. The resulting suspension of Pt-deposited 
carbon nanotubes were centrifuged, washed with acetone to remove the organic 
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solvent, and dried at 80 °C overnight in a vacuum oven. 
 
 To compare the CA modified carbon nanotubes with conventional carbon 
supports, depositions of Pt nanoparticles were also conducted on acid-refluxed 
MWCNTs and as-purchased carbon black (XC72, Cabot Corp.) respectively under 
the same conditions described above.  The acid-refluxed MWCNTs were 
prepared by the refluxing of MWCNTs with a concentrated H2SO4-HNO3 acid 
(3:1 v/v) for 5 h, which were then filtered, washed and dried in a vacuum oven. 
 
5.2.3 Catalyst Characterization   
The Pt particle size distribution was examined using TEM (JEOL JEM2010F) 
operating at 200 kV.  A total of 400 Pt nanoparticles were counted in each sample 
to ensure statistically representative of the particle distribution. 
 
 The platinum loading of the catalyst was determined using a 
thermogravimetry analyzer (TGA) (Setaram TGA equipment). Several milligrams 
of the Pt/carbon samples were heated to 800 °C in the flow of purified oxygen.  
 
 The infrared transmission spectra were measured with a Perkin-Elmer 2000 




5.2.4 Electrochemical measurement 
Cyclic voltammetry (CV) measurements were performed using Solartron 
SI1280B, a combined electrochemical interface and frequency response analyzer, 
at room temperature with a scan rate of 50 mV/s.  The working electrode was 
fabricated by casting a Nafion-impregnated catalyst ink onto a 3 mm diameter 
glassy carbon electrode. Typically 8 mg of the Pt/C catalyst dispersed in 0.5 ml of 
ethanol aqueous solution (1:1 v/v) was sonicated for 15 min and 60 μl of 5 wt% 
Nafion solution was added as polymer binder [25]. 3.4 μl of this catalyst ink was 
dropped onto the glassy carbon electrode.  The catalyst cast electrode was place 
in a vacuum oven until the catalyst was totally dry.  For the CV measurement the 
catalyst cast working electrode was immersed in 0.5 M H2SO4 with or without 1 
M CH3OH which was deaerated with high purity nitrogen gas for electrochemical 
measurement. A Pt foil and a saturated calomel electrode (SCE) were used as 
counter electrode and reference electrode respectively.  
 
5.2.5 Fabrication of MEA for PEMFC characterization 
 Two pieces of 5 cm2 carbon papers (TGPH090, typical thickness=0.26 
mm) were used as the electrode substrates. The Teflon content on the carbon 
papers was around 38 wt% to 42 wt%. Gas diffusion layer was prepared using 
carbon black (VXC72-R) and PTFE particles. The weight ratio of the carbon 
black to PTFE was 7:3 at anode and 3:2 at cathode. Typical loading of the 
diffusion ink was around 3.6 mg/cm2. The gas diffusion electrodes were then 
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compacted at 84.4 kg/cm2 and then sinter at 350 °C for 30 minutes. 
 
Catalyst ink was prepared using 20 wt% Pt/MWCNT (CA modified) for 
anode and commercial catalyst (20 wt% Pt/VXC72-R) for cathode and 5 wt% 
Nafion® perfluorinated resin solution (Sigma Aldrich). The weight ratio of the 
catalyst and Nafion® (dry weight) is 2:1. The mixture was dispersed in a solution 
of water and ethanol (1:1 v/v) using an ultrasonicator for 30 minutes. The desired 
amount of catalyst ink (0.2 mgPt/cm2 for anode, 0.4 mgPt/cm2 for cathode) was 
applied on top of the gas diffusion layer by spraying method. The electrodes were 
then heat treated at 130 °C for 30 minutes.  
 
The Nafion® 117 membrane where first boiled in 3 % H2O2 solution for 1 
hour to clean the membrane from organic impurities, then it was rinsed with DI 
water and boiled in DI water for another hour to remove residue H2O2. The 
membrane was cation exchanged to H+ form by boiling in a 0.5 M H2SO4 solution 
for 1 hour and then it was rinsed with DI water and boiled in DI water for another 
hour.  
 
During the hot-pressing process, Nafion® 117 membrane was sandwiched 
between the two electrodes and the membrane electrodes assembly was placed 
between two fiberglass reinforced Teflon sheets and this whole assembly was 
placed between two stainless steel plates. The stainless steel holder was placed in 
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a 100 °C preheated platens of a manual hydraulic press (Specac Inc.), and then the 
temperature was raised to 125 °C and compressed at 84.4 kg/cm2 for 90 s. MEA 
was removed from the hot press when the temperature had decreased to 50 °C and 
was assembled in the fuel cell hardware for testing. The same procedure was 
repeated to prepare a MEA with 20 wt% Pt/VXC72-R on both anode and cathode.  
 
PEM fuel cell was tested at a cell temperature of 75 °C. The humidification 
temperature for the reactant gases (H2 and O2) were 95 °C and 85 °C for anode 
and cathode respectively. The flow rate for both reactant gases were fixed at 150 
ml/min throughout the cell operation and the back pressure applied for the gases 
were usually 3 atm at anode and 4 atm at cathode.  
 
Eq. 3.1 was used to fit the polarization curves and the exchange current 
density ( ) and the Tafel slope (b ) were calculated using Eq. 3.2 and Eq. 3.3 
respectively. The thermodynamic potential or the reversible potential of the cell is 
calculated using Eq. 4.1. The fitting was done using Matlab®’s curve fitting tool. 
0i
 
Citric acid method was also used to functionalize carbon black and its 
performance as catalyst support was compared against carbon black without 
functionalization by CV and methanol oxidation. This is done to see whether citric 
acid method can be used for functionalization of carbon materials other than 
carbon nanotubes.  
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 5.3 Results and Discussion  
  Fig. 5.1 shows the TEM images of Pt nanoparticles supported on different 
carbon supports. In Fig. 5.1a and 5.1b the dispersion of Pt nanoparticles on CA 
modified MWCNTs is better than on acid-refluxed MWCNTs (Fig. 5.1c) and 
similar to that on XC72 (Fig. 5.1d).  The histograms in Fig. 5.2 give the mean 
particle size of Pt, being approximately 2.9, 3.1 and 3.2 nm for Pt/MWCNT (CA 
modified) (Fig. 5.2a), Pt/MWCNT (acid refluxed) (Fig. 5.2b) and Pt/XC72 (Fig. 
5.2c) respectively. The density of Pt particle numbers on the carbon supports, 
estimated from the TEM images, is around 3.3×1016/m2 for Pt/MWCNT (CA 
modified) and and 1.3×1016/m2 for Pt/MWCNT (acid refluxed) respectively. 
Under identical preparation procedures, the high Pt particle number per unit area 
and small particle sizes are significantly important in fuel cell application since it 
may increases Pt utilization and reduce limitation of mass transport and ohmic 
resistance [31, 32]. Dispersion of Pt nanoparticles on XC72 is found to be not so 
homogeneous as the functionalized carbon nanotubes; in some regions the surface 
density of Pt nanoparticles can be as high as 4.0×1016 nucleation sites per m2 
while in other regions the surface density of nucleation sites is 0.9×1016/m2 or 
even lower. The poorer dispersion of Pt nanoparticles on carbon black might be 
due to relatively lower concentration of functional groups on surface.  Most Pt 
nanoparticles on carbon black may be spontaneously deposited on surface defects, 
while the homogeneous dispersion of Pt nanoparticles on the carbon nanotubes is 
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attributed to the functional groups distributed on the surface of carbon nanotubes 
[22, 33]. 








Fig. 5.1 TEM images of (a) Pt/MWCNT (CA modified); (b) Pt/MWCNT (CA modified); (c) 
Pt/MWCNT (acid refluxed) and (d) Pt/XC72. 
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Fig. 5.2a Size distribution of Pt nanoparticles supported on CA modified MWCNTs.  
 
 
Fig. 5.2b Size distribution of Pt nanoparticles supported on acid refluxed MWCNTs. 
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Fig. 5.2c Size distribution of Pt nanoparticles supported on Vulcan carbon black (XC72). 
 
 TGA weight loss curves of Pt/MWCNT (CA modified), Pt/MWCNT (acid 
refluxed) and Pt/XC72 upon heating in oxygen with increasing temperature are 
shown in Fig. 5.3. Carbon black, MWCNTs (acid refluxed) and MWCNTs (CA 
modified) supports are burned at 500 (curve I), 625 (curve II) and 650 (curve III) 
°C respectively.  The Pt loading of the catalyst is estimated to be 15.4 wt% on 
CA modified MWCNTs as compared to 12.6 wt% on acid refluxed MWCNTs and 
13.0 wt% on carbon blacks.  The fact that Pt/MWCNT (CA modified) has higher 
loading but smaller Pt nanoparticles implies that CA modification method creates 
more functional groups on the surface of carbon nanotubes, and thus more Pt 
nanoparticles are formed with the surface functional groups as nucleation sites. 
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Fig. 5.3 TG weight loss curves of Pt/MWCNT (CA modified) (curve I), Pt/MWCNT (acid refluxed) 
and Pt/XC72 (curve III). 
 
 The FTIR spectra in Fig. 5.4 clearly show the existence of carbonyl and 
carboxyl groups at wavenumber 1300 - 1700 cm-1 and the hydroxyl bands at 
wavenumber 3300 - 3500 cm-1 on all three carbon materials. They are particularly 
strong on CA-treated MWNTs (black color spectrum) and weak on VXC72R 
(green color spectrum).  For the CA-treated MWNTs the bands at 1630 and 1380 
cm-1 may be due to the symmetric and assymatric HCOO- stretching, while the 
band at 1480 cm-1 is attributed to the C-H streching associated to the COO group.  
These assignments are in accordance to the fact that CH2COOH is part of citric 
acid molecule.  A similar experiment was also carried out applying the same heat 
treatment on the MWCNTs but with no addition of CA.  No IR band at 1380 
cm-1 is observable in Fig. 5.4 (see the spectrum MWCNT (heated w/o CA)), 
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Fig. 5.4 FTIR spectra of XC72, MWCNTs(as-received), MWCNTs (heated w/o CA), MWCNTs 
(acid refluxed) and MWCNTs (CA modified) respectively, from top to bottom. 
 
 The current-voltage (CV) curves in Fig. 5.5 were obtained on the Pt catalysts 
on three different carbon supports in the potential range of -0.2 V to 1.0 V (vs. a 
reference saturated calomel electrode). From Fig. 5.5a, it can be seen that 
Pt/MWCNT (both CA modified and acid refluxed) produce much higher current 
density in the hydrogen adsorption/desorption region (-0.2 V - 0.16 V) than 
Pt/XC72. The capacitive current in the CV curves of the Pt/MWCNT catalyst 
(both CA modified and acid refluxed) is also higher than commercial carbon black 
due to the high specific capacitance of carbon nanotubes [34, 35]. The 
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electrochemical active surface area of all the three Pt/C catalysts can be estimated 
from the hydrogen adsorption/desorption peaks of the cyclic voltammograms in 
Fig. 5.5. Assuming a hydrogen monolayer adsorption charge of QH0 = 210 μC/cm2 
[36], then the electrochemical active surface area (EAS) is given by Sec = QH/ QH0 
where QH is the average specific charge derived from the hydrogen 
adsorption/desorption peaks area in the CV curve [26]. The EAS of the three 
catalysts are 73.8, 70.7 and 43.5 per cm2 for Pt/MWCNT (CA modified), 
Pt/MWCNT (acid refluxed) and Pt/XC72 respectively, as listed in Table 5.1.  The 
geometrical specific surface area of the catalysts, which can be obtained from Sgeo 
= 6/(ρ×d), where ρ is the density of Pt and d is the average diameter of the 
particles [37], are 97.43, 90.32 and 87.81 m2/g for Pt/MWCNT (CA modified), 
Pt/MWCNT (acid refluxed) and Pt/XC72 respectively. Comparing to the high 
percentage of electrochemically active Pt sites on the MWCNTs, the EAS of 
Pt/XC72 is rather low, only 50 % of its total geometrical active surface area (see 
Table 5.1).  
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Fig. 5.5a. Cyclic voltammograms of Pt/MWCNT (CA modified) (curve I), Pt/MWCNT (acid 
refluxed) (curve II) and Pt/XC72 (curve III) measured at a scan rate of 50 mVs-1 at room 
temperature in 0.5 M H2SO4.  
 
Fig. 5.5b Cyclic voltammograms of Pt/MWCNT (CA modified) (curve I), Pt/MWCNT (acid 
refluxed) (curve II) and Pt/XC72 (curve III) measured at a scan rate of 50 mVs-1 at room 




Type of Catalysts Sec (m2/g) Sec/ Sgeo
Pt/MWCNT (CA modified) 73.82 0.76 
Pt/MWCNT (acid refluxed) 70.71 0.78 
Pt/XC72 43.45 0.50 
 
Table 5.1 The electrochemical active surface area and the respective ratio of EAS to the 
geometrical surface area of the catalysts.  
 
 The cyclic voltammograms of methanol oxidation on the catalysts under the 
potential range of -0.2 V to 1.0 V (versus SCE) are shown in Fig. 5.5b, in which 
two peaks of methanol oxidation can be observed, i.e. Ep1 (0.65 - 0.67 V) in the 
forward scan and Ep2 (0.44 - 0.46 V) in the reversed scan. The shape of the CV 
and the peak potentials are accordant with other works [38, 39]. The specific 
current generated by Pt/MWCNT (CA modified) at Ep1 which corresponds to the 
methanol electroxidation is 0.64 A/(mgPt), which is about 2.5 times as large as 
that of Pt/XC72 and 1.5 times of Pt/MWCNT (acid refluxed). The high activity of 
Pt/MWCNT (CA modified) may be attributed to several factors. According to the 
ab initio density-functional-theory calculations by Britto et al. [40] carbon 
nanotubes electrodes can improve charge transfer process due to the unique 
structure of carbon nanotubes.  The functional groups attached to the walls of 
carbon nanotubes are found to further enhance the conductivity of CNTs [41].  
More importantly the CA modification of carbon nanotubes introduced a lot of 
hydroxyl functional groups that might facilitate the removal of CO intermediate 
that adsorbed on Pt surface.  
 
 The electro-oxidation of methanol and the oxidation of CO by Pt catalyst can 
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be summarized as follow [42]: 
          (5.1) -ads3 e4H4CO -Pt   OHCH Pt ++→+ +
          (5.2) -ads2 eHOH -Pt   OH Pt ++→+ +
             (5.3) -2adsads eHCO   OH -Pt CO -Pt ++→+ +
 
  On pure Pt electrode, the rate of stripping the CO intermediate from Pt site is 
low since the adsorption of OH intermediate on Pt is difficult [43]. The presence 
of high concentration of hydroxyl groups on the carbon nanotubes can facilitate 
the removal of CO, preventing rapid decrease in the rate of dehydrogenation and 
thus the CNTs supported catalysts produced higher oxidation current compare to 
carbon black supported catalysts. As shown in Fig. 5.5b, the current peak in the 
reversed scan which is related to the oxidation of CO intermediates [44] is higher 
for Pt/MWCNT (CA modified) than the others. 
  
 Fig. 5.6 shows the polarization curves for MEA with Pt/MWCNT (CA 
modified) as anode catalyst (MEA-CA) and the MEA with commercial catalyst 
(MEA-VXC72R) at anode. From the figure, MEA-CA showed higher 
performance than MEA-VXC72R at current densities higher than 350 mA/cm2. At 
a cell potential of 600 mV, MEA-CA produced current densities of 606 mA/cm2 
while MEA-VXC72R produced 564 mA/cm2. The difference in performance is 
more significant at higher current densities. When the current density is 1000 
mA/cm2, the cell potential of MEA-CA is 350 mV, while the cell potential of 
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MEA-VXC72R is 222 mV.  
  
 The parameters obtained from the fitting of the experimental data to Eq. 3.1 
are presented in Table 5.2. Most of the electrochemical parameters (open circuit 
potential E0, Tafel slope b, exchange current density i0 and transfer coefficientα) 
for MEA-CA and MEA-VXC72R have similar values except for the Ohmic 
resistance (R) and parameter n and m. The parameter n is an indicator of 
membrane resistance while m is related to the electrode porosity according to 
Bevers et al. [45]. The smaller n and R for MEA-CA suggest that the ionic 
resistance of MEA-CA is smaller than MEA-VXC72R, while the large m of 
MEA-CA, suggests the electrode porosity of MEA-CA is smaller than 
MEA-VXC72R.   
 
 The reactant gases used in the PEMFC were purified H2 and O2. There is no 
enhanced of performance due to the reaction of CO with the functional groups on 
the carbon nanotubes. Nevertheless a unique physical property of the carbon 
nanotubes enhanced the fuel cell performance by reducing the thickness of the 
catalyst layer. The density of multiwall carbon nanotubes was measured and 
calculated to be 2.1 g/cm3 [46, 47], while the density of XC72R is around 1.8 
g/cm3 [48]. Thus the Pt/MWCNT (CA modified) catalyst has smaller volume 
compares to Pt/VXC72R with same mass. Hence using carbon nanotubes 
supported catalyst for the catalyst layer will produced thinner catalyst layer. 
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Thinner catalyst layer is favorable since it enhanced the integration between the 
catalyst layer and the electrolyte membrane, and thus increases the proton 
conduction paths between the catalyst layer and electrolyte membrane which lead 
to the decrease of R and n. Furthermore, the high surface density of functional 
groups on the CA modified MWCNTs make sure the deposited Pt nanoparticles 
maintain well dispersed even with a smaller volume compare to carbon blacks 
with the same weight. 
 
On the other hand, thinner catalyst layer allows more electrolytes to melt into 
the catalyst layer which decreases the porosity of the catalyst layer and thus lead 
to the increase of m. The performance of the MEA was affected by the competing 
factors mentioned, and it was shown in Fig. 5.6 that the decrease of ionic 
resistance is the prevailing factor and thus a higher fuel cell performance was 
obtained by using Pt/MWCNT (CA modified) as anode catalyst. 
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Fig. 5.6 Polarization curves of MEAs prepared with different anode catalyst. The solid lines 






















Pt/VXC72R 1.005 0.0548 0.000393 2.64×10-3 0.004446 0.999976 0.093  1.56×10-4 0.63053
Pt/MWCNT(CA) 0.996 0.0564 0.000287 1.23×10-2 0.002735 0.999728 0.109 1.39×10-4 0.61263
Table 5.2 Electrochemical parameters for the polarization curves in Fig. 5.6.  
 
 The CV and the methanol oxidation curves for Pt/XC72 and Pt/XC72 (CA 
modified) are presented in Fig. 5.7a and 5.7b respectively. From Fig. 5.7a the 
current densities at the hydrogen adsorption and desorption peaks, oxide 
formation and dissolution peaks generated by Pt/XC72 (CA modified) are 
significantly larger than the current densities of the same peaks by Pt/XC72. When 
the cyclic voltammetry experiment was repeated using 1 M CH3OH + 0.5 M 
H2SO4, the methanol oxidation peaks of Pt/XC72 (CA modified) are also 
significantly higher than the methanol oxidation peaks of Pt/XC72. Thus the CV 
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and methanol oxidation experiments clearly demonstrated that the CA 
modification method significantly improved the performance of carbon blacks as 
Pt catalyst support. CA modification method has the possibility to be used as a 
general method for functionalization of carbon materials to increase their 
performance as catalyst support. 
 
 
Fig. 5.7a. Cyclic voltammograms of Pt/XC72 (curve I) and Pt/XC72 (CA modified) (curve II) 




Fig. 5.7b. Cyclic voltammograms of Pt/XC72 (curve I) and Pt/XC72 (CA modified) (curve II) 
measured at a scan rate of 50 mVs-1 at room temperature in 1 M CH3OH + 0.5 M H2SO4. 
 
5.5 Summary 
 This study presents a simple and efficient method for preparation of highly 
dispersed Pt/MWCNT catalyst. Citric acid modified MWCNTs are shown by 
FTIR to have more functional groups on the surface of the carbon nanotubes as 
compared to acid refluxed MWCNTs. From the CV in 0.5 M sulfuric acid and 
methanol oxidation, Pt nanoparticles supported on CA modified MWCNTs have 
higher activity than those conventional carbon supports.  The current density 
produced by Pt catalyst supported on CA modified MWCNTs is 1.5 times larger 
than the Pt catalysts supported on acid refluxed MWCNTs, which is a result of the 
higher density of functional groups produced by CA method.  High density of 
functional groups can facilitate the dispersion of Pt catalysts and may enhance the 
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removal of CO intermediates during the electrochemical processes. When CA 
modified MWCNTs used as anode catalyst for PEMFC, higher performance was 
achieved at current densities higher than 350mA/cm2 owing to the improved 
physical property of the carbon nanotubes and the high density of functional 
groups on the surface of carbon nanotubes. The treatment of carbon blacks with 
CA also improved their performance as Pt catalyst support and thus demonstrated 
the capability of CA modification method as a general method for 
functionalization of carbon materials.  
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Chapter 6  
Conclusions and Recommendations on Further Research 
 
6.1 Conclusions and Recommendations 
In this thesis four different methods, i.e. spreading, transfer, spraying and 
rolling, were employed in fabricating membrane-electrolyte-assembly of PEM 
fuel cells.  The three-layer structure fabricated by spraying method was shown to 
be the best MEA.  The preparation conditions were optimized, yielding >50% 
improvement in the fuel cell performance. The investigations on the fabrication 
techniques also yield understanding of the influence of the composition, 
compaction force and physical structure (thickness and porosity) of the catalyst 
and gas diffusion layers on the fuel cell performance. The studies have paved the 
foundation for further research on the mass transport phenomena as well as ionic 
and electronic properties of fuel cell electrode using both theoretical and 
experimental approaches.  
 
In the thesis a simple and fast functionalization method of carbon nanotubes 
by citric acid was discovered. The functionalized carbon nanotubes were 
demonstrated to be superior electrode materials for better Pt dispersion and higher 
density of electrochemical active sites as compared to commercial carbon and to 
conventional functionalization method, and therefore have great potential for 
commercialization.  
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  The challenge of fuel cell research to date is to achieve high performance with 
low production cost and high durability. The United State’s Department of Energy 
Hydrogen Program had set a cost target at $45/kW by 2010 for hydrogen fuel cell 
power system for transportation, while the achievement in 2005 was $110/kW [1]. 
Thus, to achieve their target, US DOE announced their Hydrogen Posture Plan in 
December 2006 to accelerate their research in hydrogen production and fuel cell 
technologies. The main approaches for the cost reduction and performance 
enhancement are utilizing novel materials that are cheap and materials that are 
specially designed to reduce the overpotentials of PEMFC for performance 
enhancement. Hence further research should work in the same direction.  
 
 Practical approaches in fuel cell research are diverse, and include the research 
on advanced membrane electrode assembly, novel membrane materials, advanced 
catalyst especially non-precious metal catalyst, bipolar plates and platinum 
recycling technology. A more realistic research direction should be considered 
according to our strength and abilities.  
 
 Considering our experience in catalysis and carbon materials, research on CO 
tolerant electrocatalyst using advanced carbon materials supported bimetallic, 
trimetallic or even tetrametallic catalyst should be consider as a future direction. 
The multi-metal catalyst can be either produced by co-sputtering or chemical 
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reduction. Another approach should be the growth of advance carbon 
nano-structure which can be used as catalyst support or gas diffusion materials. 
When these advanced carbon nanomaterials are used as catalyst support, it should 
enhance dispersion of nano-metal particles on the support and reduce activation 
overpotential of the fuel cell. Advanced carbon nanomaterials that are used as gas 
diffusion materials should have better diffusion properties and water management 
properties. It is also possible to fabricate advanced gas diffusion structure through 
direct growth of carbon nano-structure on the carbon paper substrate. The direct 
growth can be realized by normal thermal chemical vapour deposition (CVD) 
method or by plasma enhanced chemical vapour deposition (PECVD).  
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